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このような背景のもとに，本研究では，第 1 章の緒言に続き，第 2 章では親養成技術開発としてイ
セエビ親エビの体サイズが繁殖生態に与える影響について（第 1，2 節），第 3 章では種苗生産技術開
発としてイセエビフィロソーマ幼生の成長に伴う走光性の変化（第 1 節）およびケガニ幼生の飼育環
境条件の検討（第 2～5 節）について取り組み，第 4 章では本研究内容を総括した。 
第 2 章第 1 節では，イセエビにおける雌雄の体サイズが配偶行動および産卵に及ぼす影響につい
て調べた。体サイズを雌雄とも大，中，小の 3 段階に設定し，全ての組み合わせで雌雄 1 個体ずつの
ペアを水槽に収容し，赤外線カメラを用いて夜間の配偶行動を観察した。その結果，配偶行動のパタ
ーンが確認され，そのパターン頻度，交接時間，交接回数および産卵は，雌雄の体サイズの影響を受












第 3 章第 1 節では，イセエビフィロソーマ幼生について，成長に伴う光量別（7 段階，0～310 μmol 
m−2 s−1）および波長別（16 段階，20 nm 間隔で 400～660 nm）の光に対する走光性の変化を調べた。
その結果，幼生の走光性は，光量別，波長別および日齢の影響を受けることが明らかになった。幼生
は強い光量下では正の走光性を，弱い光量下では負の走光性を示した。また，正の走光性を惹起する
波長は当初は 400～620nm で広かったが，中期以降には 500 nm 未満の短波長側に変化し，特に VI 期
幼生は 400～620nm の広い波長で負の走光性を示すのが特徴的であった。 
第 3 章第 2～5 節では，ケガニ幼生の飼育環境条件の検討を行った。第 2 節では，アルテミアの給
餌密度がケガニ幼生の生残，各齢期へ脱皮するまでの所要日数，成長および摂餌量に及ぼす影響を調
べた結果，2～4 個体/mL で飼育成績が高く，適正給餌密度は 2 個体/mL 以上と結論付けた。第 3 節
では，飼育水温の影響を調べた結果，生残は 6～15℃で高く，成長は 15℃まで水温の上昇に伴い速く
なったが，15℃以上でバラツキが大きかったことから，適正飼育水温は 9～12℃と結論付けた。第 4
節では，飼育水の塩分の影響を調べた結果，生残率は 30～35 psu で高く，成長は 25 psu で最も速か
ったがバラツキが大きかったことから，適正塩分は 30～35 psu と結論付けた。第 5 節では，n–3 高度
不飽和脂肪酸の影響について調査するために，各種の栄養強化剤（無強化，ナンノクロロプシス，オ
レイン酸，高・低濃度の EPA および DHA）で強化したアルテミアを給餌し，その影響を調べた。そ
の結果，生残率はいずれも高かったが，成長速度は高濃度 EPA で促進されたことから，アルテミア
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場整備開発法（昭和 49 年法律第 49 号）に基づき，農林水産大臣により定めら
















1957；Nonaka et al., 2000）。一般に，イセエビ類の幼生はフィロソーマと呼ばれ
（Anger, 2001），透明で扁平な体と長い付属肢を持ち，沿岸域でふ化した後，海
流に乗り脱皮と成長を繰り返ながら長期間の浮遊生活を経て，やがてプエルル
ス幼生に変態し，再び沿岸域で遊泳から着底生活へと移行する（Phillips & Sastry, 
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る（Sekiguchi, 1997；Yoshimura et al., 1999，2009；吉村，2001；Sekiguchi & Inoue, 
2002；吉村ら，2010；Miyake et al., 2015）。フィロソーマ幼生は，形態の発育段
階によって I～X 期のステージに分けられ（松田，2006），その期間はおよそ 1
年，また，プエルルス幼生の期間はおよそ 2 週間であるとされている（Kittaka 
& Kimura, 1989；Yamakawa et al., 1989；Sekine et al., 2000；Matsuda & Takenouchi, 
2006；松田，2006；村上，2011）。プエルルスの着底後から漁獲制限サイズ（例：
千葉県海面漁業調整規則では全長 13 cm 以下，三重県漁業調整規則では頭胸甲
長 4.2 cm 以下の採捕禁止）以上に成長するまでの期間は 2 年以上とされる（山













ソーマの飼育試験を行ったこととされる（Noanaka et al., 2000）。その後，野中
ら（1958）がアルテミアを餌料として初めてフィロソーマ幼生を脱皮させるこ
とに成功し，井上（1981）は初めて最終齢の X 期幼生まで飼育することに成功


































リブイセエビ  Panurilus argus では大型の雌ほど授受した精包の表面積は大き
く，さらに精包の表面積が大きいほど抱卵量も多いことが報告されている
（MacDiarmid & Butler, 1999）。現在，研究現場でのふ化幼生を得るための親エ
ビの基本的な養成方法は，繁殖期の前に生理的成熟サイズに達していると考え













重要な問題となっている（Murakami et al., 2007，村上，2011）。光は甲殻類幼生
の行動に大きな影響を与え（Forward, 1988；Anger, 2001），イセエビ類のフィロ
ソーマ幼生も走光性を有することが知られている（Ritz, 1972；Matsuda et al., 








にオホーツク海域と東部太平洋海域に多く分布し，主に水深 150 m 以浅，水温
15℃以下で，底質が砂あるいは砂泥の場所に生息し，最大で雄が甲長 15 cm，
雌が甲長 12 cm 達する（三原，2003）。ケガニの雌は，脱皮直後に交尾を行って
から 1 年近くを経て産卵・抱卵し，さらにふ化まで 13～16 カ月を要するため，
産卵周期が 2～3 年と長期間を要する（Abe, 1992；佐々木，1999；三原，2003）。
幼生は 3～5 月にかけてプリゾエアとしてふ化し，その後 5 期のゾエア，1 期の
メガロパ期と浮遊生活を送りながら脱皮・成長し，6～7 月に第 1 齢期稚ガニと
なり海底での底生生活へ移行する（倉田，1963；Abe, 1992；Sasaki & Mihara, 1993；
三原，2003）。第 1 齢稚ガニはその後 2 年間で第 9 齢期まで成長するが，その後







が 2～3,000 円 / kg 前後と高く重要な漁業対象種となっているが，漁獲量は 1955
年に過去最高の約 2.7 万トンのピークに達した後，乱獲によって急激に減少し，
近年は 10 分の 1 程度の約 0.2 万トンで推移している（Abe, 1992；三原，2003；
北海道水産林務部，2016）。資源回復を図るために，これまでに様々な対策が講
じられてきており，1957 年に全ての雌と甲長 7 cm 満の雄の採捕禁止，1964 年























30 kL）で種苗生産試験を実施し，1.4 万尾のメガロパ（生残率 9.9%）を得るこ
とに成功し（宮古事業場，1982），厚岸事業場においても，1989 年に大型水槽


















と，第 2 章第 2～5 節においては，ケガニ幼生における適正な飼育環境条件につ
いて検討した。第 4 章ではこれらの研究結果を取りまとめ，今後の展開等につ
いて言及した。具体的な取り組み内容は以下のとおりである。  







に，大，中，小の各体サイズの雄 1 尾に対して，体サイズを揃えた雌 10 尾と混
合飼育し，雌の抱卵率，産卵数および受精率について調査した。その結果，雄
の体サイズが繁殖行動と繁殖能力に大きな影響を及ぼし，繁殖における大型雄






と第 4 節では，第 2 節と同様にそれぞれケガニ幼生の生残，発育および摂餌に
及ぼす水温と塩分の影響について検討した結果，適正な飼育水温と塩分を明ら
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Effects of body size on mating behavior and spawning  
success of the Japanese spiny lobster Panulirus japonicus  
(von Siebold, 1824) (Decapoda: Palinuridae): implications  






The Japanese spiny lobster Panulirus japonicus (von Siebold, 1824) is mainly 
distributed around the temperate Pacific coast of Japan (Sekiguchi, 1997). This 
species is one of the most important crustacean fishery resources in Japan because of 
its high commercial value (Nonaka et al., 2000). Therefore, P. japonicus fishing 
regulations, including a legal minimum size limit (usually > 42 mm carapace length 
(CL)) and a closed fishing season, have been employed by Japanese prefectural 
governments to conserve and manage the resource for sustainable utilization (Nonaka 
et al., 2000). Larviculture for mass seed production has also been studied for 
aquaculture and stock enhancement of this lobster (Matsuda & Takenouchi, 2007; 
Murakami et al., 2007; Murakami, 2011). 
It is essential to obtain a large number of newly hatched, high-quality larvae to 
develop mass seed production technologies for marine organisms. Males and females 
are usually captured before the breeding season because landing ovigerous P. 
japonicus females is prohibited; they are then cultured in tanks to mate and spawn. 
Mating females with males is therefore a very important procedure for successful 
broodstock management of this species. Laboratory mating behavior of P. japonicus 
has been reported by Nagai (1956), Deguchi (1988), and Deguchi et al. (1991). 
Briefly, mating behavior begins with a pre-copulatory phase when the male chases 
the female for 0.5–3 h, which culminates in a frontal approach and pairing with the 
female. Copulation involves the male embracing the female belly to belly, and 
spermatophores are deposited on the posterior thoracic sterna of the female. Females 
spawn and oviposit their eggs into the abdominal chamber in a vertical position. 
Deguchi (1988) reported that males smaller than the female rarely succeed in mating, 
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suggesting that male and female body size affects mating success of this species. 
Details of the mating behavior and spawning success, however, have not been fully 
described for differently size P. japonicus pairs. 
We investigated the effects of male and female body size on mating behavior and 




MATERIAL AND METHODS 
 
Test animals 
Test lobsters were captured by commercial gill net between 9 April and 5 May 2007, 
just before the beginning of the reproductive season in the fishing ground along the 
central Pacific coast off Minamiizu, Shizuoka Prefecture, Japan. A total of 72 intact 
lobsters (36 males and 36 females) were selected from the landings according to 
maximum CL (male, ~90 mm; female, ~70 mm) and minimum size at sexual maturity 
(~50 mm CL) (Minagawa & Higuchi, 1997). They were transferred to the Minamiizu 
Laboratory, National Research Institute of Aquaculture, Fisheries Research Agency. 
Body weight and CL of each lobster were measured, and individuals of each sex were 
divided into three size groups (mean CL ± standard deviation, range) of large-size 
(male, 84.3 ± 3.1 mm, 79.6–90.1 mm, n = 12; female, 64.3 ± 3.2 mm, 61.1–72.3 mm, 
n = 12), medium-size (male, 70.8 ± 4.6 mm, 61.2–75.3 mm, n = 12; female, 57.5 ± 
1.2 mm, 55.6–59.9 mm, n = 12), and small-size (male, 53.5 ± 3.2 mm, 49.9–58.8 mm, 
n = 12; female, 52.4 ± 0.9 mm, 51.0–54.0 mm, n = 12) lobsters. There are no 
unfished populations of P. japonicus in Japan and the maximum CL values of the 
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lobsters are similar throughout the fishing areas (Harada, 1957; Inoue, 1981; 
Minagawa & Higuchi, 1997; Yamakawa, 1997). The sizes of the test animals used in 
the present study are therefore considered to represent the size range of P. japonicus 
populations in Japanese coastal areas. 
All lobsters were tagged for identification using small numbered vinyl sheet tags 
according to the method of Matsuda et al. (2002). Males and females were held 
separately in two respective fiberglass-reinforced plastic tanks (100 cm wide × 200 
cm length × 100 cm depth; actual water volume, 1.4 kl) in the laboratory. The tanks 
were filled with sand-filtered seawater as part of a flow-through system (24 l min –1) 
under natural seawater temperature (mean ± standard deviation, 18.2 ± 1.2 °C; range, 
16.6–20.0 °C) and photoperiod conditions (14 light:10 dark). Each tank of lobsters 
was fed thawed krill Euphausia superba Dana, 1850 (10% of total lobster weight) 
three times per week. 
 
Mating experiments 
We conducted mating experiments from 7 May to 30 June 2007 during the 
reproductive season (Deguchi et al., 1991; Nonaka et al., 2000) using 30 males and 
28 females. Five transparent polycarbonate columnar tanks (500 l volume; actual 
water volume, 350 l) as part of a flow-through seawater system (2.8 l min –1) were 
used to observe mating behavior under natural seawater temperature and photoperiod 
conditions in the laboratory. A concrete block was laid at the center of each tank 
bottom to support the vertical posture of the female while laying eggs (Nagai, 1956; 
Deguchi, 1988; Deguchi et al., 1991). Females that groomed their pleopods with the 
fifth pereiopod were selected for mating experiments because such grooming 
behavior precedes egg-laying (Nagai, 1956; Deguchi, 1988; Deguchi et al., 1991). In 
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contrast, males were chosen randomly from the three body size groups. A pair of 
selected male and female lobsters was transferred from their stock tanks to the 
observation tank at 1800 because P. japonicus is nocturnal, and mating occurs at 
night (Nagai, 1956; Deguchi, 1988; Deguchi et al., 1991). The behavior of the paired 
lobsters was recorded using a video recording system with infrared cameras and 
infrared light sources (850 nm) installed over the observation tanks (MM Network 
System Co. Ltd., Yokohama, Japan) between 1800 and 700 for later mating behavior 
analyses. 
We briefly checked the video recordings every morning, and paired lobsters that did 
not exhibit copulatory behavior after three days were returned to the stock tanks. 
These lobsters were reused in later mating behavior experiments, so that a total of 39 
pairs using 30 males and 28 females were tested in nine combinations of large-, 
medium-, and small-size groups of each sex (Table 1). Pairs in which copulatory 
behavior was observed on the video recordings were held in the observation tank for 
three additional days after copulation, and signs of oviposition were checked 
occasionally every day. The mating experiment was terminated if a female laid eggs, 
and the male was removed from the tank. Each berried female was transferred and 
reared in another tank for 3–7 days, a small number of eggs was taken to measure 
fertilization rate, and the female with an egg mass was then humanly killed and 
stored at –20° C for later estimation of the number of eggs attached to the pleopods. 
Dropped eggs were siphoned from the tank bottom and counted by the volumetric 
method. Lobsters that mated with partners were not used for further mating 
experiments. 
Egg fertilization rates were determined according to the method of Rondeau & 
Sainte-Marie (2001). The eggs were fixed for 1 h in a solution of 97% glucamine-
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acetate (GA) buffer, 2% formalin, and 1% Triton-X, and then rinsed in GA buffer. 
The eggs were stained for 1 h in a solution of 0.5 μg/ml Hoechst dye in GA buffer 
and were rinsed twice and preserved in GA buffer at 4 °C. About 200 eggs were 
observed under a fluorescence microscope (Nikon Co. Ltd., Tokyo, Japan) and the 
number of cleaved eggs with fluorescent nuclei was counted. Eggs attached to 
pleopods were carefully removed from each berried female using small forceps, and 
the number was estimated by dividing total egg dry weight by mean dry weight per 
egg calculated from three subsamples (~300 eggs). Dry egg weight was determined 
after drying for 48 h at 60 °C. Clutch size of each female was estimated by 
combining the number of eggs counted from the tank bottom and the number of eggs 
attached to the pleopods. 
 
Video analyses 
Video recordings were reviewed for describing the behavior of each lobster pair, and 
mating behavior was categorized into approach, upright posture, copulation, and 
separation phases (see Results). Approach behavior was initiated by either or both 
sexes. Four additional different routes were defined during the mating behavioral 
phases from contact to separation of the males from females by focusing on which 
sex initiated the upright posture and separation behaviors, as follows: route A, 
upright posture by both sexes and separation by the female; route B, upright posture 
by both sexes and separation by the male; route C, upright posture by the male and 
separation by the female; and route D, upright posture by the male and separation by 
the male. Furthermore, the total number of copulations, and the time that elapsed 
from the initiation to the end of successive mating phases (i.e., approach to upright 
posture, upright posture to copulation, and copulation to separation) were also 
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All statistical analyses were performed using the R statistical software (R3.1.1; R 
Core Team, 2014) with a 5% significance level. To examine the effects of lobster 
body size on mating behavior and spawning, we applied a generalized linear model 
(GLM) (McCullagh & Nelder, 1989; Everitt & Hothorn, 2010) with the glm function 
implemented in the stats package (R Core Team, 2014). A generalized linear mixed-
effects model (GLMM) was employed to analyze repeated measures from a paired 
male and female (Zuur et al., 2009) using the lmer function implemented in the lme4 
package (Bates et al., 2015). The CL values rather than the categorical body sizes 
(large-, medium-, and small-size) of the males and females were used as explanatory 
variables without considering the interaction effects of male and female body size 
because there were few copulation and spawning events in each combination among 
the three body size groups of the sexes. The following response variables were used 
in the GLM analyses, showing an error distribution and a link function that relates 
the mean of the response to the linear predictors in the model in parenthesis: 1) 
occurrence of mating in the tested pair (quasi-binomial distribution and logit link); 2) 
occurrence of each approach behavior by a male, female, or both sexes in the mated 
pair (quasi-binomial distribution and logit link); 3) occurrence of each of the four 
mating behavioral routes in the mated pair (quasi-binomial distribution and logit 
link); 4) total number of copulations by the mated pair (Poisson distribution and 
logarithmic link); 5) egg-laying by the mated pair (quasi-binomial distribution and 
logit link); 6) fertilization rate (quasi-binomial distribution and logit link); and 7) 
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clutch size (Gaussian distribution and identity link). The response variables in the 
GLMM analyses (Gaussian distribution and identity link) were time that elapsed from 
initiation to the end of successive mating phases, i.e., approach to upright posture, 
upright posture to copulation, and copulation to separation, while the identification 






All males among the 39 pairs used for the mating experiments chased females. 
Mating behavior was accomplished 66 times among 21 couples within 0–3 days of 
initiating the experiments (Table 1). The video recordings of seven cases were 
partially or entirely lost owing to errors when they were copied from the recording 
system to DVD media. Therefore, the following analyses were based on recordings of 
59 cases of the entire mating behavior sequence of 20 pairs. Mating behavior was 
categorized into four phases: phase 1, approach; phase 2, upright posture; phase 3, 
copulation; and phase 4, separation (Fig. 1). 
 
Phase 1: approach 
Mating behavior was initiated by a frontal approach of a male (Fig. 1A, 39 cases), 
female (Fig. 1B, nine cases), or both sexes (Fig. 1C, 11 cases). The lobsters 
intermittently touched the partner with their antennules, antennae, or first and second 




Phase 2: upright posture 
After the first approach, the male and female faced each other and embraced the 
other’s carapace ventrally by entangling their first and second/third pereiopods (Fig. 
2B). This behavior was observed in all cases (Fig. 1D). Then, the male and female 
lobsters simultaneously (Fig. 1E, 14 cases; Fig. 2C), or only the male (Fig. 1F, 45 
cases; Fig. 2D), stood upright while their body was supported by the fourth and fifth 
pereiopods. 
 
Phase 3: copulation 
Individuals subsequently embraced each other belly to belly in the upright posture 
(copulatory behavior) (Fig. 1G). The male lobster fell backward supported by his 
fifth pereiopods and antennae while copulating after both the male and female 
lobsters were in an upright posture (Fig. 2E). A male in the upright posture lifted the 
female by her carapace and copulated with her positioned ventrally. The paired 
lobsters occasionally turned side-long while copulating (Fig. 2F).  
 
Phase 4: separation 
Mating behavior was completed when the male (Fig. 1H, 33 cases) or female (Fig. 1I, 
26 cases) separated. The male separated from the female by standing on his walking 
legs (Fig. 2G), whereas the female separated from the male by tail-flipping and 
jumping backward (Fig. 2H). 
 
Effects of body size on mating behavior and spawning 
Among the 21 pairs in which the mating behavior sequence was completed, 17 
females laid eggs (Table 1). The time of the oviposition could be determined for 11 
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females and egg-laying occurred 1–9 h after the last mating behavior, except a large-
size male and small-size female pair that laid eggs after 34 h (Table 1). In addition to 
the 17 females that laid eggs, three females oviposited eggs in the observation tank 
without any signs of mating behavior on the video recordings, two of these had 
fertilized eggs (fertilization rate 97–100%) and one had all unfertilized eggs (Table 
1). The two females with fertilized eggs should have copulated with males after the 
video recording period (see Discussion), so that they were included in the GLM 
analyses for occurrence of mating in the tested pair, egg-laying in the mated pair, 
fertilization rate and clutch size. 
The effects of male and female body size on mating behavior and spawning are 
represented in Figs. 3–9 by summarizing the results of the three body size groups by 
sex. Additionally, the results of the GLM and GLMM analyses are summarized in 
Table 2; the plus (or minus) signs of the coefficient estimates for the explanatory 
variables indicate that mating behavior and spawning tended to occur in larger (or 
smaller) lobsters. The body sizes of both sexes did not significantly affect the 
occurrence of mating in the tested pair (Fig. 3, Table 2). Overall rates of mating 
occurrence (23 cases) in 30 males and 28 females were 77% and 82%, respectively. 
The body sizes of both sexes did not significantly affect the occurrence of any 
approach behavior by either or both sexes (Fig. 4, Table 2). Overall, approach 
behavior tended to be initiated by males. The body sizes of both sexes significantly 
affected the occurrence of mating behavioral routes A and D (P < 0.0001), but not 
that of routes B and C (Fig. 5, Table 2); larger males and smaller females tended to 
use route A, whereas the smaller males and larger females tended to use route D. The 
total number of copulations was significantly affected (P < 0.0001) by male body size 
but not by female body size (Fig. 6, Table 2) and was 1–4 times in the large- and 
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medium-size groups of males, but tended to increase (6–23 times) when small-size 
males mated with medium- and large-size females (Table 1). Elapsed time for the 
entire mating behavior process was 25–1,104 s. The time that elapsed from the 
approach to the upright posture increased significantly with increasing female body 
size (P = 0.011) but was not associated with male body size (Fig. 7, Table 2). Male 
and female body size did not affect the time that elapsed from the upright posture to 
copulation. Duration of copulation duration was significantly longer in smaller males 
(P = 0.044), regardless of female body size. Although the occurrence of egg-laying in 
the mated pairs was not significantly affected by male or female body size, females 
tended to spawn when they mated with larger males (P = 0.069) (Fig. 8, Table 2). 
Fertilization rate was not affected by male or female body size (Table 2) and was 
generally high (90.0–100%; mean, 98.5%) (Table 1). A low fertilization rate (3.5%), 
however, was observed for a small-size male and medium-size female pair. Female 
clutch size was 7.3–39.9 × 104 eggs and was significantly affected by female body 





We demonstrated that body sizes of paired males and females significantly affected 
mating behavior and spawning of Panulirus japonicus under laboratory conditions. 
Our analyses were based on 59 cases of the entire mating behavior sequence recorded 
for 20 pairs categorized into the approach, upright posture, copulation, and separation 
phases, and the behavior of lobsters during each phase was consistent with that 
reported previously for 1–4 pairs of captive P. japonicus (Nagai, 1956; Deguchi, 
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1988; Deguchi et al., 1991). Mating behavior similar to that of P. japonicus has been 
reported in other palinurid lobsters, including Panulirus argus (Latreille, 1804) in 
their natural habitat (Lipcius et al., 1983) and Panulirus homarus (Linnaeus, 1758) 
(Berry, 1970) and Jasus edwardsii (Hutton, 1875) (Mckoy, 1979) in captivity. 
Our records of the mating behavior of males and females of different body sizes 
highlight the different behavioral approaches initiated by either or both sexes and the 
four routes that were followed during mating from contact to separation of the male 
from the female. Although the occurrence of each approach behavior by either or both 
sexes was not affected by either male or female body size, males tended to initiate the 
approach behavior. In all matings by large males, both partners initiated the vertical 
embrace and the female always initiated separation. In matings by small males, 
however, the male was required to pull all larger and medium size females into the 
mating embrace, while all smaller females engaged in the upright posture along with 
the small male. In most cases in matings by small males, the male initiated 
separation. In matings by medium-size males, the male was required to pull all large 
females and the majority of medium size females into the mating embrace, while all 
small females engaged in the upright posture along with the medium size male. 
Separation was usually initiated by the female rather than the medium-size male. The 
importance of the male engaging the female in the upright posture is underscored by 
the time from first approach to the upright posture increasing significantly with 
increasing female body size. Minagawa & Higuchi (1997) examined sexual 
dimorphism of the first and second pereiopods of P. japonicus by analyzing the 
relative growth between lengths of these pereiopods and body size (CL) using the 
allometric growth equation; they reported that the sexual dimorphism (i.e., longer 
pereiopods in males than those in females) became more distinct when body size was 
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> 52–54 mm CL and that allometric growth coefficients were larger in males (1.390–
1.700) than those in females (1.033–1.036). Longer pereiopods increase the success 
rate for capturing and embracing females during the upright posture and copulatory 
phases. Therefore, it might be difficult for small-size males (mean, 54 mm CL) to 
manipulate and hold medium-/large-size females (means, 58 and 64 mm CL, 
respectively), so smaller males might not be capable of involving females in the 
upright posture and initiate separation. 
Our mating experiments also demonstrated the significant effects of different mate 
body sizes on copulation and spawning of P. japonicus. Medium- and large-size 
males participated in 1–4 copulations in the present study, as reported previously for 
this species in captivity (Deguchi, 1988; Deguchi et al., 1991); however, the number 
of copulations increased to 6, 10, and 23 times in pairs of small-size males and 
medium- and large-size females (51.7 and 58.1 mm, 50.0 and 55.6 mm, and 50.1 and 
63.6 mm CL), respectively. Moreover, the duration of the copulatory phase increased 
in these pairs. Additionally, one medium- (55.6 mm) and one large-size (63.6 mm) 
female of the four females that copulated with males but did not lay eggs copulated 
multiple times with small males (50.0 and 50.1 mm CL, respectively). Minagawa & 
Higuchi (1997) conducted a histological study of the testis and vas deferens of P. 
japonicus and all males examined (≥ 37 mm CL) had sperm in the testis and vas 
deferens, but some < 53 mm CL lacked sperm in the middle part of the vas deferens. 
They suggested that development of the middle vas deferens, the number of reserved 
sperm, the spermatophoric matrix, and sperm density were sufficient for mating at 
when males reached 52–54 mm CL. In the present study, females paired with some of 
the small-size males might have therefore copulated more frequently and for longer 
duration to increase the chance of obtaining spermatophores and fertilization success. 
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Multiple mating of a female before spawning, as evidenced by overlaying of viable 
spermatophores on the female posterior thoracic sterna, has been reported in 
palinurid lobsters such as Panulirus argus and P. laevicauda (Latreille, 1817); about 
43% of oviposition events were multiple in P. argus and P. laevicauda and increased 
with female size, suggesting that the larger females seek multiple copulations because 
more sperm is required to ensure fertilization success of their eggs (Mota Alves & 
Paiva, 1976; Kittaka & MacDiarmid, 1994). 
Nagai (1956) and Deguchi (1988) observed mating behavior in P. japonicus from 
the lateral view in a glass aquarium and confirmed that spermatophores were 
deposited on the posterior thoracic sterna of the female. Although our behavior 
recordings from the top of the observation tank did not allow us to see the underside 
of the female and confirm deposition of the spermatophores during copulation, small-
size males (50.0–51.7 mm CL) might deposit no/few spermatophores on females 
because among three females two of three females (10 and 23 times) that copulated 
multiple times with small males did not lay eggs, and one female (six times) laid eggs 
with a low fertilization rate (3.5%). Our mating experiments confirm a suggestion by 
Minagawa & Higuchi (1997) that functional maturity of P. japonicus males occurs at 
52–54 mm CL, which coincided with the size at which allometric growth of the 
pereiopods changes. 
Three females in the present study spawned in the observation tank without any 
mating behavior detected on the video recordings; two produced fertilized eggs, and 
one produced all unfertilized eggs, which normally attach to the pleopods of the 
female. The two females with fertilized eggs should have copulated with males after 
the video recording period. Although we could not determine whether copulation 
occurred in the female with unfertilized eggs, this female might not have copulated 
32 
 
with a male, as females isolated from males during the breeding season lay 
unfertilized eggs that typically attach to the pleopods (Deguchi, 1988). A similar 
phenomenon has been reported by Berry (1970) for P. homarus. 
Small males of P. argus, P. guttatus (Latreille, 1804), and J. edwardsii ejaculate 
less sperm than large males do, and clutches fertilized by small males are smaller 
than those fertilized by large males (MacDiarmid & Butler, 1999; MacDiarmid & 
Sainte-Marie, 2006; Magallón-Gayón et al., 2011; Butler et al., 2011, 2015). 
Moreover, the size of the P. argus spermatophore deposited on the underside of 
females affects clutch weight more than female size does (MacDiarmid & Butler, 
1999; Butler et al., 2015). Butler et al. (2015) also reported that smaller 
spermatophores do not change the number of eggs spawned by females, but do reduce 
fertilization success, indicating that the smaller clutches produced by females mated 
with small males are not a result of reduced egg output but reflect a sperm limitation 
for fertilization success. The gonadosomatic index and sperm density in the middle 
part of the vas deferens reaches a plateau at > 54 mm CL in P. japonicus males 
(Minagawa & Higuchi, 1997; Minagawa, 1999), suggesting that large P. japonicus 
males produce more ejaculate than small males. Fertilization rates in the present 
study were 90–100% (mean, 98.5%), except for one small-size male and medium-size 
female (3.5%) pair, and clutch size depended on female but not male size, suggesting 
that P. japonicus males were depositing a sufficient number of sperm independent of 
female size. 
Our mating experiments show that males are functionally mature at > 52 mm CL 
and that small-size males with shorter pereiopods are at a disadvantage when 
manipulating and holding larger females during mating. The rate of spawning success 
tended to decrease when females mated with small-size males. Males > ~60 mm CL 
33 
 
should therefore be considered candidates for a P. japonicus hatchery broodstock. 
Our results, however, are based on pairing experiments conducted in a small isolated 
tank. This experimental condition might explain the reason why body sizes of males 
and females did not significantly affect the occurrence of mating in the tested pair; 
i.e., small-size males could copulate with larger females. Intrasexual and/or 
intersexual selection, i.e., male competition and female mate choice, which would be 
affected by sex ratio, should occur in a communal tank stocked with males and 
females (MacDiarmid, 1989; Kittaka & MacDiarmid, 1994; Debuse et al., 1999, 
2003; MacDiarmid & Butler, 1999; Gosselin et al., 2003; Vijayakumaran et al., 2005; 
Galeotti et al., 2006; Magallón-Gayón et al., 2011). Additionally, small tank 
environment might be one of the causes of non-mating in some males and females in 
the present mating experiments. Further studies examining mating behavior, 
spawning, and fertilization success in actual broodstock tanks stocked with male and 
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Table 1  Mating, spawning, and condition of spawned Japanese spiny lobster Panulirus japonicus eggs for various body size combinations. 
Pairing 
groups 






























L5 89.7  L7 62.7 5/8 – – – – – – – – 
L6 81.7  L7 62.7 5/12 5/12 1 + 5/13 6:17 29.0 3.3 100 
L1 86.4  L6 62.2 5/13 – – + 5/15 – 20.2 – 100 
L9 81.6  L5 63.1 5/21 – – – – – – – – 
L8 79.6  L5 63.1 5/28 – – – – – – – – 
L5 89.7  L5 63.1 5/31 5/31 1 + 5/31 4:20 28.4 – 100 
LM 
L3 82.9  M3 56.4 5/19 5/19 2 + 5/20 – 18.4 – 100 
L4 82.0  M5 59.9 5/23 – – – – – – – – 
L7 84.1  M5 59.9 5/27 5/28 1 + 5/28 – 27.7 – 97.0 
L9 81.6  M10 56.0 6/9 6/11 1 + 6/11 – 10.8 – 100 
LS 
L2 84.7  S3 51.7 5/7 5/7 2 + 5/9 34:05 6.3 1.0 90.0 
L9 81.6  S6 53.1 5/28 – – – – – – – – 
L4 82.0  S6 53.1 6/2 6/2 1 + 6/3 9:12 18.3 – 100 
L12 82.3  S1 51.6 6/6 – – – – – – – – 
ML 
M8 70.8  L1 72.3 5/11 5/12 2 + 5/13 – 35.4 4.4 100 
M7 65.1  L2 65.3 5/13 5/13 2 + 5/14 1:07 18.9 1.7 98.0 
M1 73.8  L8 69.2 5/16 – – – – – – – – 
M10 71.7  L8 69.2 5/21 5/21 1 + 5/21 2:05 32.3 – 97.5 
MM 
M9 74.0  M1 58.3 5/20 – – – – – – – – 
M3 72.5  M9 57.5 5/22 – – + 5/24 21.9 – 0.0 
M2 63.4  M11 57.5 5/27 5/27 4 + 5/28 5:05 23.4 – 99.0 
M1 73.8  M1 58.3 6/6 6/6 2 + 6/7 1:45 14.3 – 98.5 
MS 
M6 75.3  S11 54.0 5/15 5/18 1 – – – – – – 
M11 73.8  S8 52.5 5/26 5/29 1 + 5/29 – 16.0 – 99.5 
M9 74.0  S2 53.1 6/3 6/3 1 + 6/4 5:25 15.3 – 99.5 
SL 
S7 50.1  L4 63.6 5/12 5/12–13 23 – – – – – – 
S4 56.9  L9 65.1 5/15 5/15 1 + 5/15 3:32 29.4 – 98.0 
S11 58.8  L10 62.4 5/26 – – – – – – – – 
S10 56.9  L10 62.4 6/1 – – – – – – – – 
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S11 58.8  L3 62.1 6/7 – – – – – – – – 
SM 
S3 50.4  M8 55.6 5/14 – – – – – – – – 
S12 57.0  M8 55.6 5/18 – – – – – – – – 
S1 53.3  M7 56.3 5/22 5/22 1 – – – – – – 
S6 50.0  M8 55.6 5/24 5/24 10 – – – – – – 
S8 51.7  M6 58.1 5/29 5/30–31 6 + 5/31 – 19.5 – 3.5 
SS 
S5 56.1  S12 53.5 5/13 5/13 2 + 5/13 4:47 17.0 – 98.5 
S2 49.9  S5 51.0 5/21 – – – – – – – – 
S12 57.0  S10 53.2 6/2 – – + 6/3 – 16.6 – 97.0 
S3 50.4  S5 51.0 6/4 – – – – – – –  






Table 2  Evaluation of the effects of male (M) and female (F) body size (carapace length) on mating behavior and spawning of Japanese spiny lobster Panulirus 
japonicus.
Response variables Explanatory variables (carapace length) 
Coefficient
estimate Std. error t or z value P 
Mating by tested pairs M 0.0091 0.0263 0.346 0.731 
F 0.0025 0.0633 0.039 0.969 
Approach behavior by male M 0.0377 0.0292 1.293 0.213 
F 0.0402 0.0726 0.554 0.587 
Approach behavior by female M −0.1430 0.0822 −1.740 0.100 
F 0.0005 0.0817 0.006 0.995 
Approach behavior by both sexes M −0.0044 0.0319 −0.139 0.891 
F −0.0498 0.0869 −0.574 0.574 
Mating behavior route A M 0.2377 0.0417 5.695 2.63×10−5 
F −0.4163 0.1497 −2.781 0.013 
Mating behavior route B M −0.0378 0.0642 −0.589 0.563 
F −0.3676 0.2975 −1.236 0.233 
Mating behavior route C M 0.0128 0.0281 0.454 0.655 
F 0.1056 0.0768 1.375 0.187 
Mating behavior route D M −0.2546 0.0379 −6.722 3.58×10−6 
F 0.1336 0.0459 2.911 0.010 
Total number of copulations  M −0.0759 0.0118 −6.459 1.05×10−10 
F 0.0301 0.0235 1.281 0.200 
Time elapsed from approach to upright posture (s) M 2.1230 2.9330 0.724 0.469 
F 19.1540 7.5650 2.532 0.011 
Time elapsed rom upright posture to copulation (s) M 0.0866 0.0577 1.501 0.133 
F −0.1580 0.1307 −1.209 0.227 
Time elapsed from copulation to separation (s) M −0.7709 0.3822 −2.017 0.044 
F 0.2385 0.9339 0.255 0.798 
Egg–laying by mated pairs M 0.1227 0.0639 1.920 0.069 
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F 0.0835 0.1382 0.604 0.553 
Clutch size M −193.7 929.2 −0.208 0.837 
F 11705.5 1813 6.457 7.93×10−6 
Fertilization rate  M 0.1971 0.1494 1.319 0.206 
F 0.0118 0.1795 0.065 0.949 
Data were analyzed using a generalized linear mixed–effects model for the time elapsed during the three mating behavior phases and a generalized linear model was 
used for the other behavioral aspects. Route A, upright posture by both sexes and separation by female; route B, upright posture by both sexes and separation by 
male; route C, upright posture by male and separation by female; route D, upright posture by male and separation by male. Statistical z–values are shown for total 





Figure 1  Flowchart of the mating behavior sequence in the Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). Mating behavior 
was categorized into: phase 1, approach; phase 2, upright posture; phase 3, copulation; and phase 4, separation. Numbers in parenthesis 
indicate the number of incidences observed after analyzing the video recordings. 
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Figure 2  Schematic line drawings of the primary mating behavior sequences in the 
Japanese spiny lobster Panulirus japonicus (von Siebold, 1824) from video photos: 
frontal approach by a male to a female with the antennules, antennae, or first and 
second pereiopods (A); male and female face each other and embrace carapaces 
with their first and second/third pereiopods (B); male and female stand upright 
(C); only the male stands upright (D); male and female embrace belly to belly 
(copulatory behavior, male below position) (E); male and female embrace belly to 
belly (copulatory behavior, male and female positioned side-long) (F); male 
separating from female by standing with his walking legs (G); and female 
separating from male by tail-flipping and jumping backward (H). Solid and dotted 
arrows indicate males and females, respectively. 
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Figure 3  Effects of male and female body size on the occurrence of mating in the 
Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). The results for 
nine combinations between the three body size groups of each sex are summarized. 





Figure 4  Effects of male and female body size on the occurrence of approach 
behavior by either sex during mating behavior in the Japanese spiny lobster 
Panulirus japonicus (von Siebold, 1824). The results for nine combinations 
between the three body size groups of each sex are summarized. Data are shown 
for approach by male (A), approach by female (B), and approach by both sexes 
(C). Numbers above the top of the graph represent the number of cases of mating 
behavior observed for each combination. 
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Figure 5  Effects of male and female body size on the occurrence of the four mating 
behavior routes from contact to separation by male and female Japanese spiny 
lobster Panulirus japonicus (von Siebold, 1824). The results for nine combinations 
between the three body size groups of each sex are summarized. Data are shown 
for: route A, upright posture by both sexes and separation by female (A); route B, 
upright posture by both sexes and separation by male (B); route C, upright posture 
by male and separation by female (C); and route D, upright posture by male and 
separation by male (D). Numbers above the top of the graph represent the number 
of cases of mating behavior observed for each combination. 
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Figure 6  Effects of male and female body size on the total number of copulations 
during mating in the Japanese spiny lobster Panulirus japonicus (von Siebold, 
1824). The results for nine combinations between the three body size groups of 
each sex are summarized. Vertical bars indicate standard deviations. Numbers 





Figure. 7  Effects of male and female body size on the time engaged in each mating 
behavior in the Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). 
The results for nine combinations between the three body size groups of each sex 
are summarized. Data are shown for approach to upright posture (A), upright 
posture to copulation (B), and copulation to separation (C). Vertical bars indicate 
standard deviations. Numbers above the top of the graph represent the number of 
cases of mating behavior observed for each combination. 
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Figure 8  Effects of male and female body size on the occurrence of egg-laying by 
female Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). The results 
for nine combinations between the three body size groups of each sex are 
summarized. Numbers above the top of the graph represent the number of 




Figure 9  Effects of male and female body size on female clutch size (number of 
spawned eggs) in the Japanese spiny lobster Panulirus japonicus (von Siebold, 
1824). The results for nine combinations between the three body size groups of 
each sex are summarized. Vertical bars indicate standard deviations. Numbers 


















Reproductive potential of the Japanese spiny lobster Panulirus japonicus 
(von Siebold, 1824) (Decapoda: Palinuridae) male: implications for 






The Japanese spiny lobster Panulirus japonicus (von Siebold, 1824) is mainly 
distributed along the temperate Pacific coast of Japan (Sekiguchi, 1997). This species 
represents a commercially important fishery resource in Japan (Nonaka et al., 2000). 
As a result, fishing regulations, including a legal minimum size limit, usually > 42 
mm carapace length (CL), and a closed fishing season during the reproductive season 
have been employed for the populations of P. japonicus by the Japanese prefectural 
governments to conserve this resource and manage its sustainable utilization (Nonaka 
et al., 2000). 
Aquaculture and stock enhancement using artificially raised juveniles are additional 
tools to conserve the wild populations. Successful larviculture to produce juveniles 
has been demonstrated for this lobster using 40–50 l tanks (Matsuda & Takenouchi, 
2007; Murakami et al., 2007; Murakami, 2011), and release experiments using 
artificially-produced juveniles started in 2015 in Mie Prefecture, Japan (Seko et al., 
2017). A consistent generation of a large number of newly hatched high-quality 
larvae is essential for the development of mass seed production technologies for 
marine organisms. In the larviculture of P. japonicus males and females are usually 
captured before the breeding season because landing ovigerous females is prohibited; 
they are then cultured in tanks to mate and spawn. The successful mating of females 
with males is thus very important for successful broodstock management of this 
species. 
The spawning season of P. japonicus extends from spring to summer along the 
Japanese coast (Deguchi et al., 1991; Minagawa, 1997; Nonaka et al., 2000). Mating 
behavior of P. japonicus has been studies under laboratory conditions but not in the 
54 
 
wild. Mating occurs between hard-shell males and females, and spermatophores are 
deposited on the posterior thorax of the females (Nagai, 1956; Deguchi, 1988; 
Deguchi et al., 1991). Females spawn and oviposit their eggs into the abdominal 
chamber in a vertical position (Nagai, 1956; Deguchi, 1988; Deguchi et al., 1991), 
generally within 10 h after copulation (Jinbo et al., 2017). Single female produces 
one or two clutches per reproductive season (Ino, 1950; Inoue, 1981; Deguchi et al., 
1991; Nakamura, 1994; Minagawa, 1997; Nonaka et al., 2000); female fecundity 
ranges ~100–800 thousands of eggs per clutch and it increases with increasing female 
body size (Ino, 1950; Nonaka, 1998). 
We previously investigated the effects of male and female body size on mating 
behavior and spawning success of P. japonicus under laboratory conditions for the 
development of effective broodstock management techniques (Jinbo et al., 2017). 
Lobsters of each sex were divided into three body-size groups based on the maximum 
sizes observed in landings and the minimum sizes at sexual maturity. Pairings for 
each of the nine combinations among the large-, medium-, and small-size groups of 
each sex were held in a tank, and mating behavior was observed in 21 pairs by video 
recording. This study showed that smaller males tended to have difficulty 
manipulating and holding larger females, and the total number of copulations per 
couple and the duration of a single copulation were higher with smaller males, 
suggesting that females require multiple matings to increase the probability of 
fertilization. Additionally, the spawning success rate tended to increase when females 
mated with larger males. Our previous mating experiments thus suggest that small-
size males are disadvantageous for use as broodstock for larviculture. 
In decapod crustaceans, including palinurid lobsters, larger males have long been 
known to have higher reproductive potential in terms of ejaculate size and mating 
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frequency (e.g., Powell et al., 1974; Atema, 1986; MacDiarmid & Butler, 1999; 
Kendall et al., 2001; MacDiarmid & Stewart, 2005; Sato et al., 2005, 2008; Butler et 
al., 2011, 2015; Magallón-Gayón et al., 2011; Pugh et al., 2015). Little is known 
about the reproductive potential of male P. japonicus during the reproductive season. 
To evaluate the reproductive potential of different sized P. japonicus males for use in 
the development of broodstock management techniques, we cultured a single male 
from large-, medium-, and small-size groups in tanks stocked with multiple females, 
and determined the female spawning success. 
 
 
MATERIAL AND METHODS 
 
Test animals 
Test lobsters were captured using a commercial gill net between 6 and 15 April 2008, 
just before the beginning of the reproductive season in the same fishing ground along 
the Pacific coast off Minamiizu, Shizuoka Prefecture, Japan. Considering the 
maximum body size (~90 mm CL) (Jinbo et al., 2017) and the minimum size at 
functional and sexual maturity (~54 mm CL) (Minagawa & Higuchi, 1997; 
Minagawa, 1999; Jinbo et al., 2017), we selected nine intact males with all 
appendages from the landings. A total of 90 intact mature females were also selected 
from the dominant size class (~54–60 mm CL) in the landings. All lobsters were 
transferred to the Minamiizu Laboratory, National Research Institute of Aquaculture, 
Fisheries Research and Education Agency. Body weight and CL of individual lobsters 
were measured. Males were divided into three size groups (mean CL ± standard 
deviation): large-size (89.6 ± 1.0 mm, 88.6–90.6 mm, N = 3), medium-size (70.8 ± 
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1.3 mm, 69.3–71.9 mm, N = 3), and small-size (57.2 ± 0.9 mm, 56.1–57.7 mm, N = 3) 
lobsters. The CL of females was 57.9 ± 1.5 mm (54.5–60.6 mm, N = 90). There are no 
unfished P. japonicus populations in Japan and the maximum CL values of the 
lobsters are similar throughout the fishing areas (Harada, 1957; Inoue, 1981; 
Minagawa & Higuchi, 1997; Yamakawa, 1997). The sizes of the test males used in 
the present study are, therefore, considered to be representative of the size range of 
male P. japonicus populations in Japanese coastal areas. 
 
Mating experiments 
We conducted mating experiments from 18 April to 15 June 2008 during the 
reproductive season (Deguchi et al., 1991; Minagawa, 1997; Nonaka et al., 2000). We 
used three circular fiberglass-reinforced plastic tanks (1.9 m diameter × 0.7 m depth; 
2.0 kl volume; actual water volume, 1.7 kl) in a laboratory; each tank was equally 
divided into three compartments using plastic nets. The tanks were filled with sand-
filtered seawater as part of a flow-through system (25 l min−1) under natural seawater 
temperature (19.5 °C ± 1.1 °C; range, 17.3–21.7 °C) and photoperiod conditions (14 
h light:10 h dark). Large-, medium-, and small-size males were individually stocked 
in compartments of the same tank to maintain identical culture conditions across the 
respective body size groups. Ten females were included for each male in the test tank 
compartments, and the body size of females was similar in all compartments. Two 
concrete blocks were laid at the bottom of each compartment to support the vertical 
posture of the female while laying eggs (Nagai, 1956; Deguchi, 1988; Deguchi et al., 
1991). Body sizes of lobsters stocked in each compartment of the tanks are 
summarized in Table 1. Lobsters in each compartment were fed thawed krill, 
Euphausia superba (Dana, 1850) (10% of total lobster weight) three times per week. 
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We did not monitor the mating behavior of the lobsters. We did not check the 
presence/absence of the spermatophores on the posterior thorax of the females 
because the copulation of P. japonicus generally occurs from the evening through the 
nighttime periods and females generally lay eggs within 10 h after copulation (Jinbo 
et al., 2017). We evaluated the reproductive potential of males by examining 
oviposition, egg fertilization rate, and clutch size for partner females. We checked 
female spawning by visual observation daily at 13:00. If a female had laid eggs, the 
female was removed from the tank and transferred to another transparent 
polycarbonate columnar tank (500 l volume; actual water volume, 350 l) as part of a 
flow-through seawater system (2.8 l min−1) to be reared for three days. A small 
number of eggs were then taken from multiple locations within the clutch to measure 
fertilization rate, and each female with an egg mass was humanly sacrificed and 
stored at −20 °C to estimate the clutch size. Egg fertilization rates were determined 
according to the method of Rondeau & Sainte-Marie (2001). The eggs were fixed for 
1 h in a solution of 97% glucamine-acetate (GA) buffer, 2% formalin, and 1% Triton-
X, and then rinsed in GA buffer. The eggs were stained for 1 h in a solution of 0.5 
μg/ml Hoechst dye in GA buffer and were then rinsed twice and preserved in GA 
buffer at 4 °C. About 200 eggs were observed under a fluorescence microscope 
(Nikon Co. Ltd., Tokyo, Japan), and the number of cleaved eggs with fluorescent 
nuclei was counted. The clutch size of each female was represented by the dry weight 
of egg masses. Eggs attached to pleopods were carefully removed from each berried 
female using small forceps, and the weight of eggs was determined after drying for 
36 h at 110 °C. 
Females that had not laid any eggs by the end of experiments (15 June 2008) were 
dissected for observation and measurement of the gonad. The gonadosomatic index 
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(GSI) was calculated as GSI = (GW)/(CL3) × 105, where GW is gonad weight and CL 
is carapace length (Minagawa, 1997, 1999). 
 
Statistical analysis 
All statistical analyses were performed using the R statistical software (R3.3.2; R 
Core Team, 2016) with a 5% significance level. To examine the effects of male body 
size on female spawning success, we applied a generalized linear mixed-effects 
model (GLMM) (Zuur et al., 2009). The following response variables were used in 
the GLMM analyses, showing an error distribution and a link function that relates the 
mean of the response to the linear predictors in the model in parenthesis: 1) 
oviposition rate (binomial distribution and logit link); 2) body size (CL) of spawned 
females (Gaussian distribution and identity link); 3) number of elapsed days to 
oviposition from the onset of experiments (Poisson distribution and log link); 4) 
fertilization rate (binomial distribution and logit link); and 5) clutch size (Gaussian 
distribution and identity link). To avoid the errors attributed to zero data in the 
GLMM analyses with the binomial distribution, the medium size group showing a 
100% oviposition rate was excluded from the analysis for oviposition rate. One 
berried female that had copulated with a large male in tank no. 1 was also excluded 
from the analysis for clutch size because a large portion of the egg mass was 
dislodged when she was removed from the tank. In the GLMM analyses, male body 
size (CL) was used as a continuous explanatory variable. Additional explanatory 
variables included in the analyses were the number of elapsed days until oviposition 
for evaluating fertilization rate, and female CL and fertilization rate for clutch size. 
The time between oviposition events was not included as an explanatory variable for 
evaluating fertilization rate because it was not determined for some females that laid 
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eggs on the same day in the same compartment. The identification numbers of test 
tanks and males were included as random intercept effects, taking into account the 
potential correlations of incidence in a shared tank and repeated measures from a 
single male (Zuur et al., 2009). The parameters with standard errors (z or t values 
with probabilities) of the GLMM were estimated using the glmer (binomial and 
Poisson distributions) or lmer (Gaussian distribution) function implemented in the 





The results of the GLMM analyses are summarized in Table 2. The plus (or minus) 
signs of the coefficient estimates for the explanatory variables indicate that the 
positive (or negative) effects on the response variables. Male body size had a 
significant positive effect on the oviposition rate (P = 0.009; the medium-size male 
group was excluded from the analysis) (Table 2); the oviposition rate varied between 
30%–80% (mean 60.0%) in the small-size male group, whereas almost all females 
(90%–100%) laid eggs in the large- and medium-size male groups (means 96.7% and 
100%, respectively) (Table 1). Gonads of unspawned females showed bright orange 
color and the GSI values ranged 0.94–6.19 at the end of experiments. 
Male body size and the number of elapsed days until oviposition did not 
significantly affect the CL values of spawned females (P = 0.705 and 0.425, 
respectively) (Tables 1, 2). Egg-laying occurred between 17–53 days during the 
experiments (Table 1). The number of elapsed days until oviposition tended to 
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increase with increasing body size of males (P = 0.051) (Table 2), but this is because 
some females did not spawn in the small-size male group. 
Egg fertilization rates are shown in Figure 1 for each female stocked with respective 
males in three body size groups in accordance with the number of elapsed days until 
oviposition. Male body size and the number of days elapsed until oviposition showed 
significant positive and negative effects on egg fertilization rates, respectively (both 
P < 0.0001) (Table 2). Mean fertilization rates were the highest in the large-size male 
group (93.5%–99.9%), followed by the medium-size male group (57.0%–99.5%), and 
the lowest in the small-size male group (27.9%–72.3%) (Table 1). Fertilization rates 
were generally high (above 95%) in the large-size male group except for a male of 
88.6 mm CL (L2) that decreased the fertility of the 8th–10th spawned females to 
73.5%–89.5%. Female fertilization rate decreased after the first few spawners in one 
medium-sized male treatment and all three small male treatments, leaving later-
spawning females with fertilization rates from 0%–62%. There were several instances 
where multiple females laid eggs on the same day in the compartment of L2 male 
(3rd–5th and 8th and 9th spawners), L3 male (6th–8th spawners), M1 male (9th and 10th 
spawners), M2 male (4th–5th spawners), M3 male (1st and 2nd spawners), and S2 male 
(2nd and 3rd spawners). In these cases, fertilization rates were high (above 98%), 
except for 8th and 9th spawners showing 73.5%–82.5% fertility in the compartment of 
L2 male (Fig. 1). 
Clutch size was not affected by male body size (P = 0.692) (Table 2). The 
relationship between female body size and clutch size is shown in Figure 2. To 
visually infer the effect of egg fertilization rate on clutch size, data points are plotted 
by separating either > 50% or < 50% fertilization rates. Clutch size significantly 
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increased with increasing female body size (P < 0.0001), but it significantly 





We investigated the effects of body size on the reproductive potential of the males of 
the Japanese spiny lobster P. japonicus under laboratory conditions. In the large-size 
male group, nine to ten females spawned per male, and they showed high fertility of 
eggs (> 94.0%), except for the 8th–10th spawned females (73.5%–89.5%) stocked with 
one male. In the medium-size male group, all females (ten individuals) spawned per 
male, and they generally resulted in high fertility of eggs (> 82.5%), but the 6th–10th 
spawners stocked one male decreased the fertility to 0%–62.0%. In small-size male 
group, 3–7 females spawned per male, and a high fertility (> 92.0%) was observed 
for only the 1st–6th spawn, after which females reproduced almost all unfertilized 
eggs. Thus, the rate of spawning success greatly decreased when females were 
stocked with small-size males. 
The females that had not spawned were dissected to investigate gonad condition at 
the end of the experiments. Their gonads appeared orange, suggesting an 
accumulation of yolk in the ovarian eggs (see Berry, 1971; Minagawa & Sano, 1997; 
Matsuda et al., 2002). The GSI values of unspawned females (0.94–6.19) were, 
however, much lower than those of maturation-stage ovaries (11.33–12.43; see 
Minagawa & Sano, 1997). Females used in our work were collected at the same time 
from the same fishing ground. They were then stocked into the test compartments in 
order to be of the same body-size compositions, and almost all females spawned in 
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the compartments stocked with large- and middle-size males. Consequently, it is 
considered that females with undeveloped ovaries have also been tended to be 
assigned to small-size males. It is therefore suggested that unspawned females might 
reasorb ripe eggs in the ovary as is known to occur in unmated female of the spiny 
rock lobster Jasus edwardsii (Hutton, 1875) (MacDiarmid & Butler, 1999). Lower 
oviposition rates of P. japonicus females were also observed in pairing experiments 
with small-size males in our previous study (Jinbo et al., 2017), and fewer 
ovipositions of females cultured with a single small male have been reported for J. 
edwardsii (MacDiarmid & Butler, 1999). 
Large-, medium-, and small-size males were individually stocked with ten females 
in the same tank, albeit separated by nets (3 males and 30 females in a tank and 11 
lobsters in one compartment with an area of ~0.9 m2) to maintain identical culture 
conditions across the respective body size groups. Panulirus japonicus is nocturnal 
and aggregates under and in crevices of rocky reefs (Nonaka, 1966). Although lobster 
densities in natural habitats are unknown, our stocking density (biomass) should not 
negatively affect lobsters because of the absence of animal mortality during the 
experiments and the high oviposition rates in large- and medium-size male groups. In 
the limited space of the compartment, however, there might be female-female 
competition for small-size males with low reproductive ability (see below), with the 
potential for females to interfere with mating and spawning of other females under 
sperm-limited conditions. The experimental design also might have affected male 
behavior and female mate choice as a result of chemical cues that could have passed 
throughout the tank. Allocation of male reproductive effort among ten females 
stocked in the same compartment might be affected from other 20 females in the 
same tank. Raethke et al. (2004) examined the role of olfaction during mating in J. 
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edwardsii and demonstrated that large females normally choose large males, but that 
the females did not make a clear choice of mate when the output of urine, which 
contains sex-specific pheromones, was switched between large and small catheterized 
males. Panulirus japonicus females might allow the small-size males to copulate with 
them as a result of being in contact with urine from large and medium-size males. 
Our mating experiments nevertheless demonstrated that small-size males (56–58 mm 
CL) of P. japonicus had low reproductive ability.  
It has been demonstrated that large male palinurid lobsters, such as Panulirus argus 
(Latreille, 1804), P. guttatus (Latreille, 1804), and J. edwardsii, have heavier 
spermatophores containing more sperm cells (MacDiarmid & Butler, 1999; 
MacDiarmid & Sainte-Marie, 2006; Magallón-Gayón et al., 2011; Butler, et al., 2011, 
2015; Robertson & Butler, 2013). The effects of male body size on the fertilization 
success of females have not been evaluated by measuring fertility of females as was 
done in the present study, although it has been previously demonstrated that clutches 
fertilized by small males are smaller than those fertilized by large males 
(MacDiarmid & Butler, 1999; MacDiarmid & Sainte-Marie, 2006; Robertson & 
Butler, 2013; Butler et al., 2015). Panulirus argus males could allocate their 
reproductive effort among partners, scaling the amount of ejaculate deposited relative 
to female body size (MacDiarmid & Butler, 1999). Moreover, the size of the P. argus 
spermatophore deposited on the sternum of females affects clutch weight more than 
female size does (MacDiarmid & Butler, 1999; Butler et al., 2015). In P. argus, 
unfertilized eggs failed to attach to the female’s pleopods after spawning, and counts 
of the number of unattached eggs collected from the tank bottom and fertilized eggs 
incubated by females were used to evaluate the fertilization success (Butler et al., 
2015). Butler et al. (2015) reported that smaller spermatophores do not change the 
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number of eggs spawned by females, but do reduce fertilization success, indicating 
that the smaller clutches produced by females mated with small males are not a result 
of reduced egg output but reflect a sperm limitation for fertilization success. 
Minagawa & Higuchi (1997) and Minagawa (1999) examined the relationship 
between body size (CL) and sexual maturity in P. japonicus males using a 
histological study of the testis and vas deferens. All males examined (≥ 37 mm CL) 
had sperm in the testis and vas deferens, but some (< 53 mm CL) lacked sperm in the 
middle part of the vas deferens. They suggested that development in the middle vas 
deferens, the number of reserved sperm, the spermatophoric matrix, and sperm 
density were sufficient for mating when males reached 52–54 mm CL. The GSI and 
sperm density in the middle part of the vas deferens also reaches a plateau above 54 
mm CL and gonad weight increases with increasing male body size, suggesting that 
large P. japonicus males produce more ejaculate than small males do. It is therefore 
hypothesized that all small males and one medium male depleted their sperm reserves 
and deposited an insufficient amount of sperm after successive matings, resulting in 
low and/or no fertility of female partners. One large male might have decreased the 
fertility of females when on mating with the 8th and 9th partners within one day. We 
did not confirm the presence or absence of the spermatophores on the posterior 
thorax of the females. It was therefore difficult to interpret whether female mate 
choice might have prevented mating, and to indicate whether or not mating took place 
for those females with unfertilized clutches or who did not spawn. A methodology to 
measure the spermatophores deposited on the underside of females should be 




Clutch size attached to the pleopods of P. japonicus females was significantly 
correlated with female body sizes as was previously established for this species 
(Nonaka, 1988; Jinbo et al., 2017). Although the body size of P. japonicus males did 
not significantly affect the clutch size of partners, the egg fertilization rates, which 
were mediated by the male reproductive tract, significantly affected clutch size; 
lower fertility reduced the clutch size. We found unfertilized eggs typically attached 
to the pleopods as previously reported in P. japonicus (Deguchi, 1988) and in P. 
homarus (Linnaeus, 1758) (Berry, 1970). It has been also reported that all 
unfertilized eggs were, however, picked from the pleopods within 1–3 weeks in these 
lobsters (Berry, 1970; Deguchi, 1988). In the present study, some unfertilized eggs 
might have been lost before sacrificing berried females three days after egg-laying to 
measure their clutch sizes, resulting in smaller clutches that reflect a sperm limitation 
for fertilization success. It should be noted, however, that fertilization rates, 
excluding 0%, might be overestimated because unfertilized eggs would have dropped 
off and not been counted for, although it did not mask the phenomenon that lower 
fertility reduced the clutch size.  
Both male and female body size generally affect mating behavior and reproductive 
success in spiny lobsters (Kittaka & MacDiarmid, 1994, MacDiarmid & Butler, 1999; 
MacDiarmid & Sainte-Marie, 2006; Robertson & Butler, 2013; Butler et al., 2015; 
Jinbo et al., 2017). Larger males have higher reproductive potential (MacDiarmid & 
Butler, 1999; MacDiarmid & Sainte-Marie, 2006; Magallón-Gayón et al., 2011; 
Butler, et al., 2011, 2015; Robertson & Butler, 2013); they dominate smaller males in 
mating with females (Berry, 1970; Lipcius, 1985; MacDiarmid, 1989; Robertson & 
Butler, 2013), and larger females seek multiple copulations or larger males because 
more sperm is required to ensure fertilization success of their eggs (Mota Alves & 
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Paiva, 1976; Kittaka & MacDiarmid, 1994; Magallón-Gayón et al., 2011; Robertson 
& Butler, 2013; Butler et al., 2015). Our previous work (Jinbo et al., 2017) 
demonstrated that small males of P. japonicus were disadvantageous in mating 
behavior with large females. Our mating experiments during the present study also 
highlighted the size-dependent reproductive potential of P. japonicus males. In some 
populations of commercially fished decapod crustaceans, size-selective harvesting of 
larger males with higher reproductive potential likely results in sperm limitation, 
leading to a decline in the reproductive output of the resources (Carver et al., 2005; 
Sato & Goshima, 2006; Sato et al., 2007, 2010). In P. japonicus, fishing regulations, 
including a legal minimum size limit (usually >42 mm CL), and a closed fishing 
season during the reproductive season, have been implemented to help preserve this 
resource. Size-selective harvesting of larger males has so far not been involved in P. 
japonicus fishing and few variations of the body size compositions have been 
observed in landings of the species (Yamakawa, 1997; Nonaka, 1998; Nonaka et al., 
2000). Populations of Panulirus japonicus might be at low risk of sperm limitation 
under current fishing practices. 
Considering our present and previous results (Jinbo et al., 2017), smaller males (less 
than ~60 mm CL) are not recommended for use as broodstock in larviculture of P. 
japonicus. Our results, however, are based on laboratory experiments using a single 
male with multiple females and single male and female pairs. Future studies are, 
therefore, needed to investigate details of mating systems and reproductive ecology 
in actual broodstock tanks stocked with multiple males and females because 
reproductive success is likely to be affected by intrasexual and/or intersexual 
selection, i.e., male competition, female mate choice, and sex ratio (MacDiarmid, 
1989; Kittaka & MacDiarmid, 1994; Debuse et al., 1999, 2003; MacDiarmid & 
67 
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Table 1  Carapace length (CL) and reproductive condition of the Japanese spiny lobster Panulirus japonicus in the mating experiments. 
Group Tank no. 
Male Female stocked Female spawned 
ID no. CL (mm) Number of lobsters CL (mm) 
Number of 
lobsters CL (mm) Days to spawn Fertility (%) 
Large 1 L1 89.5 10 58.2 (55.4–59.7) 9 58.4 (55.4–59.7) 29.2 (20–38) 99.1 (94.0–100) 
 2 L2 88.6 10 58.2 (54.5–60.4) 10 58.2 (54.5–60.4) 31.1 (27–36) 93.5 (73.5–100) 
 3 L3 90.6 10 57.2 (54.9–58.6) 10 57.2 (54.9–58.6) 33.3 (25–44) 99.9 (99.5–100) 
Medium 1 M1 71.1 10 58.0 (55.9–60.2) 10 58.0 (55.9–60.2) 27.6 (22–32) 98.0 (90.0–100) 
 2 M2 71.9 10 57.6 (54.8–59.7) 10 57.6 (54.8–59.7) 32.4 (24–45) 57.0 (0.0–98.5) 
 3 M3 69.3 10 57.8 (54.7–59.9) 10 57.8 (54.7–59.9) 29.0 (17–44) 99.5 (97.5–100) 
Small 1 S1 57.7 10 58.2 (55.2–60.6) 7 58.1 (55.2–60.6) 24.9 (18–32) 27.9 (0.0–97.0) 
 2 S2 57.7 10 58.6 (55.9–60.3) 8 58.5 (55.9–60.3) 31.0 (19–53) 72.3 (0.0–99.5) 
 3 S3 56.1 10 57.6 (55.2–59.4) 3 57.6 (56.4–58.4) 28.3 (26–32) 33.7 (0.5–100) 





Table 2  Evaluation of the effects of body sizes (carapace length, CL), number of elapsed days to oviposition from the 
onset of experiments, and fertilization rate of eggs on reproductive aspects of Japanese spiny lobster Panulirus japonicus. 
Response variables Explanatory variables Coefficient estimate Std. error t or z value P 
Oviposition rate Male CL 0.0980  0.0376  2.604  0.009  
CL of spawned females Male CL –0.0051  0.0134  –0.379  0.705  
 Elapsed days to oviposition –0.0199  0.0250  –0.797  0.425  
Elapsed days to oviposition Male CL 0.0032  0.0017  1.956  0.051  
Fertilization rate Male CL 0.2247  0.0500  4.500  6.91×10–6 
 Elapsed days to oviposition –0.4289  0.0116  –37.110 2.20×10–16 
Clutch size Male CL –0.0050  0.0127  –0.396  0.692  
 Female CL 0.4410  0.0985  4.478  7.53×10–6 
  Fertilization rate of eggs 1.1634  0.4481  2.596  0.009  
Data were analyzed using a generalized linear mixed–effects model. Statistical t–values are shown for CL of spawned 





Figure 1  Relationship between the number of elapsed days until females spawned from the onset of mating experiments and egg fertilization 
rates in large- (A, B, C), medium- (D, E, F), and small-size male groups (G, H, I) of the Japanese spiny lobster Panulirus japonicus (see Table 1 
for identity of males). 
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Figure 2  Relationship between female carapace length and clutch size (dry weight 
of egg mass) of the Japanese spiny lobster Panulirus japonicus. Data points are 
plotted by separating either > 50% or < 50% fertilization rates of eggs. 


















Ontogeny of phototactic behavior in phyllosoma larvae of the Japanese 
spiny lobster Panulirus japonicus (Decapoda: Palinuridae) 
  




イセエビ Panulirus japonicus は，主に日本周辺の太平洋沿岸域に分布し
(Harada, 1957)，水産上重要な大型甲殻類の一つである  (Nonaka et al., 2000)。
本種は増養殖の対象種であり，種苗生産技術の確立を目指して小型水槽を用
いた人工飼育技術の開発が進められている（井上，1981；Kittaka & Kimura, 
1989；Sekine et al., 2000；松田，2006；Matsuda & Takenouchi, 2006；Murakami 
et al., 2007；村上，2011）。イセエビの幼生飼育では，50 L 規模の水槽を用い
た場合，フィロソーマ幼生が水槽底面へ沈降・蝟集して個体干渉による体部位
の損傷や細菌性疾病が発生し，生残率が 5 L 以下の水槽を用いた事例に比較
して半分以下まで低下する（村上，2011）。したがって，フィロソーマ幼生の
沈降・蝟集現象を防ぐことは，幼生飼育技術の向上に向けた重要な課題となっ
ている（Murakami et al., 2007；村上，2011）。  
イセエビ類のフィロソーマ幼生は，透明で扁平な体と長い付属肢をもつ




と考えられている（Yoshimura et al., 1999, 2009；Sekiguchi & Inoue, 2002；吉村
ら，2010；Miyake et al., 2015）。  
一般に，十脚甲殻類の幼生は，日周鉛直移動によって海流や潮汐を利用し，
海洋で移動分散するとともに，接岸回帰することができるといわれている 
(Sulkin, 1984；Forward Jr, 1988, 2001；Anger, 2001；Miyake et al., 2015)。幼生の
行動は，光，水温，塩分，比重，粘度などの物理的環境，また餌料や捕食者な
どの生物的環境に影響を受けるが，光はその反応の強さゆえ，特に幼生の日周
  81  
 
鉛直移動や水平移動に大きな影響を与えているものと考えられている  (Anger, 
2001；Forward Jr, 1988)。フィロソーマ幼生についても，日周鉛直移動を示し
（Rimmer & Phillips, 1979；Minami et al., 2001；Bradford et al., 2005；Phillips et 
al., 2006；吉村ら，2010；Butler, 2011；Miyake et al., 2015），同時に，その特徴
的な形態によって海流の影響を受けて移動分散と回帰・着底を行っているもの
と推察されている（Rimmer & Phillips, 1979；吉村ら，2010；Hamasaki et al., 2012）。
イセエビ類のフィロソーマ幼生の光に対する反応として，カリブイセエビ
Panulirus argus およびシマイセエビ Panulirus penicillatus では，初期フィロソー
マ幼生が正の走光性を示したことが報告されている (Ritz, 1972；Matsuda et al., 

























研究開発法人水産研究・教育機構増養殖研究所南伊豆庁舎にて，Hamasaki et al. 
(2012) の方法に従い，2006 年 5 月と 8 月に，それぞれ 1 尾の雌親エビから幼生
をふ化させた。  
フィロソーマ幼生の飼育 フィロソーマ幼生は，半球状の 50 L アクリル水槽
(Sekine et al., 2000) を用いてプエルルスまで飼育し，ふ化から X 期（最終齢）
までの幼生を適宜実験に供した。イセエビフィロソーマ幼生はプエルルスへ変
態するまでに 22–29 回脱皮し（Kittaka & Kimura, 1989；Yamakawa et al., 1989；
Sekine et al., 2000；松田，2006；Matsuda & Takenouchi, 2006），その間の外部形
態の変化により 10 段階の齢期（I–X 期）に分けられている。本研究でも，松田
（2006）の外部形態による齢期を発育段階の指標とした。飼育方法は，Sekine et 
al. (2000)，村上（2011）および Hamasaki et al. (2012) の方法に準じた。すなわ
ち，1 水槽当たり 300 尾のふ化フィロソーマ幼生を収容し，0.2 μm の中空糸膜
でろ過後に紫外線照射した海水（33–36 psu）を，毎分 0.6–1.3 L の範囲で成長に
合わせて増加させながら注水した。飼育水温は，ふ化から 150 日齢（約 5 カ月
間）まで 26°C，それ以降は 24°C とした。照明は，蛍光灯（水槽水面で約 200 
lx）により明期 12 時間，暗期 12 時間に調整した。幼生の成長に従い，飼育密
度を下げるために飼育水槽を適宜増やした。餌料には，ふ化から IV 期幼生まで
はアルテミア Artemia sp.の単独給餌とし，V 期幼生以降はムラサキイガイ
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Mytilus galloprovincialis の生殖腺の細片を加えた。アルテミアは，珪藻
Phaeodactylum sp.を餌料として 4–21 日間培養したものを使用した。給餌したア
ルテミアの体サイズは，1.5–7.0 mm で，フィロソーマ幼生の成長に合わせて育
成した。水槽は，細菌性疾病を防ぐため，抗生物質（アンピシリン）による薬
浴を，ふ化から 150 日齢までは 20 μg L−1 の濃度で 15 時間を 5 日毎，それ以降
は 40 μg L−1 の濃度で 15 時間を 1 週間毎に実施した。薬浴は，水槽を交換した
翌日に行った。  
光量別実験 6 段階の光量（0.0031，0.031，0.31，3.1，31，310 μmol m−2 s−1）
と暗黒下において，フィロソーマ幼生の成長に伴う走光性の変化を調べた。全
ての実験は，気温を 24–26°C に調整した暗室内で行った。実験方法は，Hamasaki 
et al. (2013) および市川ら（2014b）が，ぞれぞれヤシガニ Birgus latro およびケ
ガニ Erimacrus isenbeckii 幼生の走光性を調べた方法に準拠した。実験に用いた
容器は，水平に設置した幅 13 cm，深さ 10 cm，長さ 120 cm の横長のアクリル
製容器で，容器内部の側面は短側面の片側を除き全て反射光を抑えるために艶
消しの黒色とし，水槽の中心から左右に 10 cm ずつ目盛りをふった。短側面の
片側は，透明アクリル板とし，ここから人工光源を水平に照射した。光源装置




密度を水中光量子計（LI-192 Underwater Quantum Sensor, LI-COR Inc., Lincoln, 












実験には，5 月にふ化した幼生群 1（I–IV 期）と 8 月にふ化した幼生群 2（VI–
X 期）の個体を水槽から無作為に抽出して用いた。幼生飼育期間中に適宜測定
した各齢期の体長（村上，2011）を Table 1 に示す。実験は給餌後 3 時間以上経
過してから開始し，幼生が十分に餌を摂取した状態で行った。測定頻度は，幼
生群 1 では，ふ化から 7 日齢（I 期）まで毎日とし，それ以降は 9–15 日齢（II
期），17–23 日齢と 26–32 日齢  （III 期），および 35–43 日齢（IV 期）の間で 2
日に 1 度とした。幼生群 2 では，86 日齢と 91 日齢（VI 期），158 日齢（VI–VII
期），224–232 日齢の間（VII–IX 期），および 251–308 日齢の間（X 期）に実験
を行った。1 回の試行で水槽内に収容する幼生数は 158 日齢までは最大 5 尾と
し，各光量で合計 10 尾ずつ測定を行った。224–232 日齢の間には各光量とも 3
回実験を行い，1 回の試行で 2，3 および 5 尾の幼生を用いて合計 10 尾になる
ようにした。なお，158 日齢（VI–VII 期）と 224–232 日齢（VII–IX 期）の実験
では，幼生数に限りがあったことから，異なる齢期の個体を合わせて 10 尾を確
保した。最終齢の X 期を用いた実験は，幼生の発育の変異によって 251–308 日
齢と長期にわたったが，その間に各光量とも 10 回実験を行い，X 期と確認した
幼生を 1 回の試行で 1 尾ずつ用いて合計 10 尾を確保した。なお，X 期の幼生数
には限りがあったことから，合計 26 個体を用い，同一個体を異なる日齢の異な
る光量条件下で繰り返し用いて実験を行った。  
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波長別実験 400–660 nm の間で 20 nm 間隔の 14 照射区および暗黒区の合計 15
区を設定した。実験方法，容器および人工光源については，光量別実験の方法
に準拠した。ただし，各波長での実験に供した幼生数は，合計 5 尾とした。波
長は，バンドパスフィルター（Newport Corp., Irvine, CA, USA）を用いて調整し
た。実験には，幼生群 2（I–X 期）の幼生を供した（Table 1）。光量は光量別実
験においてフィロソーマ幼生が正の走性を示すレベルとし，容器中央の幼生投
入部で 3.1 μmol m−2 s−1 に調整した。ただし，400 nm 区のみ，最大限の照射でも
光量を確保できなかったため，1.6 μmol m−2 s−1 とした。測定は，0 日齢と 4 日
齢（I 期），9 日齢（II 期），17 日齢と 25 日齢（III 期），34 日齢（IV 期），88 日
齢と 93 日齢（VI 期），160 日齢（VI–VII 期），229 日齢と 230 日齢（VII–IX 期），
および 255–306 日齢の間（X 期）に行った。ただし，229 日齢と 230 日齢およ
び 255–306 日齢では，幼生数に限りがあったことから，480，520，560 および
640 nm 区での測定は行わなかった。また，X 期を用いた実験では，光量別実験
と同様の方法で合計 19 個体の幼生を供した。  
統計処理 統計解析と検定には，統計解析ソフトウェア R (R Core Team, 2016) 
を使用し，有意水準を 5%に設定した。光量別および波長別実験の暗黒区では，
幼生は収容した容器中央付近の光源側と反光源側のそれぞれ 3 区画，特に中央
の 2 区画に集中して分布した（Fig. 1）。そこで，容器内の幼生の分布状況を 3
区画ごとに 4 つに分けて集計し，幼生数の分布の一様性検定を行ったところ，
帰無仮説は棄却された（光量別実験，χ2 = 262.97，df = 3，P < 0.0001; 波長別実
験，χ2 = 55.12，df = 3，P < 0.0001）。そこで，本研究では，光源側に近い 3 区画
に分布した幼生は正の走光性を，逆に光源側から遠い 3 区画に分布した幼生は
負の走光性を示したものとし，それら幼生の割合に及ぼす光と齢期の影響を解
析した。解析には，一般化線形混合効果モデル（generalized linear mixed effects 
model）を用い (Bolker et al., 2008; McCullagh & Nelder, 1989; Zuur et al., 2009)，






ランダム切片に指定した (Zuur et al., 2009)。解析には lme4 パッケージの glmer
関数 (Bates et al., 2015) を用い，car パッケージの Anova 関数  (Fox & Weisberg, 





を齢期別に整理して Fig. 2 に示す。正および負の反応率のいずれにも，光量お
よび齢期が有意な影響を与えた（Table 2）。幼生期間全体を通してみると，光が
強くなるほど正の反応率が高くなる傾向を示し，31 と 310 μmol m−2 s−1 で最も
高かった。0.0031 および 0.031 μmol m−2 s−1 の弱い光では，正の反応率は低く，
逆に負の反応率が高くなる傾向がみられた。特に，VI 期幼生では，0.031 μmol 
m−2 s−1 をピークに強い負の走光性を示した（Fig. 2e）。  
波長別実験 フィロソーマ幼生の各波長および暗黒条件に対する正および負
の反応率の推移を齢期別に整理して Fig. 3 に示す。波長および齢期とも，正お
よび負の反応率に有意な影響を与えた（Table 2）。幼生期間全体を通してみると，
I 齢幼生では概ね 400–620 nm で強い正の走光性を示し，II 齢から IV 齢にかけ
ては正の反応率が大きくは 400 nm と 480–600 nm 前後で高くなる傾向がみられ
た。VI 期以降には，正の反応率は 500 nm 以上で弱く，400–420 nm では，最終
齢幼生の前まで強い正の走光性を示した。一方，負の反応率は，幼生期間全体
を通して正の反応率ほどの高い値は認められなったが，全体的には，600–660 nm
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の範囲で比較的高くなる傾向があった。また，VI 期（88，93 日齢）と X 期幼












すといわれているが (Forward Jr, 1974, 1977, 1987; Forward Jr & Costlow 1974; 
Shirley & Shirley, 1988)，種や成長段階，環境条件ならびに飢餓等の影響によっ
て変化するため，その反応は多様と考えられる（Forward Jr & Costlow 1974；
Shirley & Shirley, 1988；Adams & Paul, 1999；Anger, 2001；Epelbaum et al., 2007；
Hamasaki et al., 2013；市川ら，2014b）。また，負の走光性については，反応の
一部は，shadow response と称する上方に位置する捕食者からの逃避行動の一種
であるとされてる (Sulkin, 1984; Forward Jr, 1976, 1986)。本研究におけるイセエ
ビフィロソーマ幼生は，全体的に 31 および  310 μmol m−2 s−1 の強い光に強い正
の走性を示した。また，幼生は，全体的に 0.0031 および 0.031 μmol m−2 s−1 の弱
い光に対して強い負の走性を示したことから，この反応は shadow response であ
る可能性が考えられる。このように，イセエビフィロソーマ幼生の走光性は，
光量で変化することが明らかになった。  
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光波長は，光量と同様に甲殻類幼生の走光性に影響を与えるといわれている
（Forward Jr & Costlow 1974；Forward Jr & Cronin 1979；Forward Jr, 1988, 2009；
Anger, 2001；Cohen Forward Jr, 2002；Hamasaki et al., 2013；；市川ら，2014b）。
本研究では，イセエビフィロソーマ幼生の走光性を波長別に調べたところ，比
較的強い正の走光性がみられた波長範囲は，I 齢幼生では概ね 400–620 nm，II
齢から IV 齢にかけては 400 nm と 480–600 nm 前後，VI 期以降には 500 nm 未
満，特に 400–420 nm であった。一方，比較的強い負の走光性がみられた波長範
囲は VI 期（88，93 日齢）と X 期以外では 600–660 nm，VI 期（88，93 日齢）
と X 期では 420–660 nm であった。このように，イセエビフィロソーマ幼生の
走光性は，波長と発育段階から大きな影響を受けることが明らかとなった。そ
の他のイセエビ類では，オーストラリアイセエビのふ化フィロソーマ幼生が
470，555 および 615 nm に対し高い感受性を示し  (Ritz, 1972)，カリブイセエビ
のフィロソーマ幼生は，400–600 nm の波長に対して，初期から正の走光性を示




環境中のスペクトル分布に一致すると考えられている  (Forward Jr, 1988, 2009; 




青色から緑色（500–550 nm），外洋では青色（470 nm 付近）の波長が良く透過
するといわれている (Forward Jr, 1987, 1988; Cohen & Forward Jr, 2002; Jerlov, 
1976)。イセエビのフィロソーマ幼生が正の走光性を示した波長は，IV 期まで





ルルス幼生へと変態することが報告されていることから（Yoshimura et al., 1999；
Sekiguchi & Inoue, 2002；吉村ら，2010），イセエビのフィロソーマ幼生のスペク
トル感度は生息環境のスペクトル分布に対応しているものと推察される。今回，





ョン研究を実施した Miyake et al. (2015) は，鉛直移動によって分布水深を深め
ることが，フィロソーマ幼生の強流帯からの離脱に役立つことを指摘している。




ることから (Johnsen & Widder, 2001; Job & Bellwood, 2007)，フィロソーマ幼生





る可能性がある（市川ら，2014a，2014b，Epelbaum et al., 2007）。例えば，水槽
の上側から強い光や短波長を，下側からは長波長の光を照射することで幼生を
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Table 1  The body sizes of phyllosoma larvae of the Japanese spiny lobster 
Panulirus japonicus in two hatching groups used for the phototaxis experiment 
Group Stage N Body length (mm) 
1 I 30 1.58 ± 0.03  II 9 1.92 ± 0.09  III 59 2.72 ± 0.30  IV 30 3.35 ± 0.10 
2 I 24 1.56 ± 0.05  II 24 2.07 ± 0.06  III 24 2.73 ± 0.26  IV 12 3.45 ± 0.18  VI 26 8.15 ± 0.74  VI, VII 12 13.85 ± 1.39  VII - IX 12 18.23 ± 3.10  Ⅹ 17 31.05 ± 2.02 
Data: mean ± standard deviation. 
The staging of phyllosoma larvae was based on Matsuda (2006). Larvae from group 
1 (stages I–IV) and group 2 (stages VI–X) were used for light intensity experiment, 








Table 2  Analysis of deviance table by Wald χ2 test (type II) to evaluate the effects of 
explanatory variables (light treatment and stage of phyllosoma larvae) on response variables 
(positive and negative phototactic behavior) of phyllosoma larvae of the Japanese spiny 
lobster Panulirus japonicus in the light intensity or light wavelength experiments 
Experiment Response variables Explanatory variables χ2  df P (> χ2)    
Light intensity Positive behavior  Light treatment 293.6 6 < 2.00×10–16  Stage 20.57 7 0.0045  Negative behavior Light treatment 203.3 6 < 2.20×10–16  Stage 41.42 7 6.72×10–7 
Light wavelength Positive behavior  Light treatment 91.51 13 7.17×10–14  Stage 63.64 7 2.82×10–11  Negative behavior Light treatment 57.25 13 1.62×10–7 
 Stage 138.2 7 < 2.20×10–16 
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Figure 1  Proportion of phyllosoma larvae of the Japanese spiny lobster Panulirus 
japonicus observed within the respective sections of the horizontal test chamber 
under the dark condition in the light intensity experiment (a) and the light wavelength 
experiment (b). The test chamber was marked with a 10-cm interval on the bottom 
and the sections were numbered as nos.1–6 and −1 to −6 from the center of the 
chamber where the larvae were first installed. Light was directed from the side of 
section no. 6 under the light condition. The proportion larvae were calculated using 
the overall data from all the larval stages. The equation of the calculation is as 
follows: (number of larvae found in the designated section) / (number of larvae used 






















-6 -5 -4 -3 -2 -1 1 2 3 4 5 6
(b)
  99  
 
Figure 2  Ontogeny of the behavioral response to light intensities by phyllosoma 
larvae of the Japanese spiny lobster Panulirus japonicus (○, larvae found in the three 
sections near the light source; ×, larvae found in the three sections far from the light 
source): (a), stage I (0–7 days after hatching; DAH); (b), stage II (every two days 
from 9–15 DAH); (c), stage III (every two days from 17–23 DAH and 26–32 DAH); 
(d), stage IV (every two days from 35–43 DAH); (e), stage VI (86 and 91 DAH); (f), 
stage VI and VII (158 DAH); (g), stage VII–IX (224–232 DAH); (h), stage X (251–
308 DAH). Ten larvae were used for each light intensity test. Until stage VI (86 and 
91 DAH), tests were repeated for 2–8 days in each stage. Symbols and vertical bars 
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Figure 3  Ontogeny of the behavioral response to different wavelengths and the dark 
by phyllosoma larvae of the Japanese spiny lobster Panulirus japonicus (○, larvae 
found in the three sections near the light source; ×, larvae found in the three sections 
far from the light source): (a), stage I (0 and 4 days after hatching; DAH); (b), stage 
II (9 DAH); (c), stage III (17 and 25 DAH); (d), stage IV (34 DAH);  (e), stage VI 
(88 and 93 DAH); (f), stage VI and VII (160 DAH); (g), stage VII–IX (229 and 230 
DAH); (h), stage X (255–306 DAH). Five larvae were used for each light wavelength 
test. Tests were repeated for two days at stages I, III and VI. Symbols and vertical 

















































































Effects of Artemia nauplii density on survival, development and  
feeding of larvae of the horsehair crab Erimacrus isenbeckii  
(Crustacea, Decapoda, Brachyura) reared in the laboratory 
  



















Gopalakrishnan, 1976；Omori, 1979；Paul et al., 1979；Emmerson, 1980；林田・松
清，1982；Yúfera et al., 1984；Yúfera & Rodríguez, 1985；Chu & Shing, 1986；
Loya-Javellana, 1989；Minagawa & Murano, 1993；深山，1997；Tong et al., 1997；
Anger, 2001；Suprayudi et al., 2002）。ケガニの種苗生産では，餌料としてアルテ










抱卵雌 2001 と 2002 年の 2～3 月にかけて，ふ化直前の抱卵雌 198 個体（甲長の
平均値±標準偏差，68.0 ± 5.8 mm）を北海道釧路沖から特別採捕許可によって入
手した。抱卵雌は日本栽培漁業協会厚岸事業場（現，国立研究開発法人水産研究・
教育機構北海道区水産研究所厚岸庁舎）の 0.5 m3水槽に個別に，あるいは 4 m3水
槽に 45～69個体を収容し，砂ろ過海水を使用して流水（10 回転  / 日）で飼育し，
ふ化させた。餌料はチカ，アサリおよびオキアミの切り身を用い，週 2 回の頻
度で残餌が出るように与えた。飼育期間中の水温は 0.5～2.9°C で推移した。  
実験区の設定と餌料 実験区として，ゾエア期（第 1～5 齢）におけるアルテミ
アのノープリウス幼生（以下，アルテミア）の給餌密度を，0.25，0.5，1，2，
4 個体 / mL とした 5 区と無給餌区の合計 6 区を設けた。なお，メガロパ期の給
餌密度は，各区とも 4 個体 / mL に統一した。アルテミアは北米産（日清ファ
インケミカル社製）で，13 L バケツを用いて 26°C，24 時間でふ化させた。ふ
化したアルテミアは，回収して 13 L バケツに密度が 100 個体  / mL となるよう
に再収容し，市販の栄養（エイコサペンタエン酸）強化剤（マリンアルファ，
日清サイエンス社製）を 20 mL / L の割合で添加し，水温 22°C で 18～23 時間
栄養強化した。  
幼生の飼育方法 飼育には，2 L の白色ポリエチレンビーカーを各区 3 個用い，
0.5 m3水槽で飼育していた抱卵雌１個体から 2001 年 3 月 10 日にふ化した幼生を，
各ビーカーに 50 個体ずつ収容した。3 個のビーカーのうち，2 個は生残率と各
齢期へ脱皮するまでの所要日数を求め，1 個は各齢期の成長を測定するために
供した。  
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飼育に用いた海水は，砂ろ過後に 50 μm と 5 μm のカートリッジフィルター
（ポリプロピレンワインドカートリッジフィルター，アドバンテック東洋社製）
でろ過したもので，約 1 日充分に曝気して使用した。飼育水温はウォーターバ
ス方式で調温し，ふ化幼生の収容時には 2°C，翌日に  °C，翌々日に 12°C まで
上昇させ，以後 12.2 ± 0.3°C を維持した。通気は，各ビーカーに対してパスツ
ールピペット 1 本を用いて微量（約 70 mL / min）に行った。日長は，水面から
約 1 m の箇所に設置した 2 本の蛍光灯（40 W）を 7 時から 19 時まで点灯して
調整した。照度は，ビーカーの水面上で 600～700 lx であった。  







に脱皮した 5 個体を，5%ホルマリンで 1 日固定後，70%エタノールで保存し，
後述の測定に供した。給餌は，幼生を移槽後に行い，前述のアルテミアを所定
の密度になるようにビーカーに添加した。また，飼育水には，幼生への糸状細
菌の付着を防ぐためにアンピシリンナトリウム（シグマ社製）を 10 ppm の濃度
で添加した。実験は，飼育した幼生が全滅するか，全ての幼生が第 1 齢稚ガニ
へ脱皮した日まで行った。  
幼生標本の測定方法 幼生標本の測定項目は，頭胸甲長，第 2 顎脚外肢長と遊
泳毛数，鋏長，鋏脚長ならびに第 3 腹節腹肢長とした（Fig. 1）。測定は，実体
顕微鏡（倍率 25～75 倍）および生物顕微鏡（100 倍）下で接眼マイクロメータ
ーを用いて行った。ただし，鋏長および鋏脚長については第 4，第 5 齢ゾエア





摂餌量 給餌密度（0.25，0.5，1，2，4 個体  / mL）が幼生の摂餌量に及ぼす影
響を調べた。実験は，2002 年に実施し，第 1，3 および 5 齢ゾエアを供した。
第 1 齢ゾエアはふ化 1 日後，第 3 齢および第 5 齢ゾエアは，脱皮 2 日後の幼生
であり，実験に供するまで前述の方法で飼育した。なお，第 1 齢ゾエアの飼育
水温は，ふ化水温（2°C）から約 15 時間かけて 12°C まで上昇させた。第 1 齢
および第 3 齢ゾエアを用いた実験の 0.25 個体/ mL 区では 300 mL のガラス製ビ
ーカー，0.5 および 1.0 個体 / mL 区では同 100 mL，2 個体  / mL 区では同 50 
mL，4 個体  / mL 区では 20 mL のガラス製標本瓶を各区 5 個使用し，幼生を 1
個体ずつ収容した。水量は，それぞれ 200 mL，100 mL，50 mL，25 mL，12.5 mL
とし，前述のアルテミアを 50 個体ずつ給餌して所定の密度を設定した。第 5 齢
ゾエアでは同様に，0.25 個体/ mL 区では 500 mL のガラス製ビーカー，0.5 個体
/ mL 区では同 300 mL，1 および 2 個体/ mL 区では同 100 mL，4 個体/ mL 区で
は 50 mL のガラス標本製瓶を各区 5 個使用した。水量は，それぞれ 400 mL，
200 mL，100 mL，50 mL，25 mL とし，アルテミアを 100 個体ずつ給餌した。
実験中は，飼育水温をウォーターバス方式により 11.9～12.1°C で維持し，無通
気で静置した。日長および光条件は，幼生の飼育方法における設定と同様とし














各齢期までの生残と所要日数 各実験区とも，供試した 2 個のビーカーの生残
と発育状況は同様な傾向を示した（Fig. 2）。無給餌区では，飼育 8 日目から死
亡個体が見られ始め，第 2 齢ゾエアへ脱皮した個体は認められず，12 日目で全
滅した（Fig. 2）。一方，給餌した区では，次齢期への脱皮が認められ，生残率
はアルテミアの給餌密度にしたがって高くなる傾向を示し，0.25 個体 / mL 区，
0.5～1 個体 / mL 区，2～4 個体 / mL 区の 3 群間に有意差が認められる傾向が
あった（Table 1）。また，0.5～1 個体  / mL 区では，第 5 齢ゾエアからメガロパ
への変態期の減耗率が高かった。第 1 齢稚ガニまでの生残率は，2 および 4 個






個体 / mL 区，0.5 個体 / mL 区，1 個体  / mL 区，2～4 個体 / mL の 4 群間で有
意差が認められる傾向があった（Table 2）。また，各齢期までの所要日数の変動
係数は，給餌密度にしたがって小さくなる（Table 2），すなわち脱皮時期が同調
する傾向を示した（Fig. 2）。例えば，1 個体 / mL 区では第 5 齢ゾエアがメガロ
パへの変態を完了するまでに 14～15 日を要したが，2～4 個体  / mL 区では，お
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よそ 6 日に短縮された（Fig. 2）。  
成長 各齢期の頭胸甲長，頭胸甲長に対する第 2 顎脚外肢長，鋏長，鋏脚長な
らびに第 3 腹節腹肢長の比および第 2 顎脚外肢の遊泳毛数を Table 3 に示した。
頭胸甲長は，給餌密度にしたがって大きくなる傾向を示し，メガロパでは 2～4





2 顎脚外肢の遊泳毛数は，第 1 齢ゾエアでは 4 本で，第 2 齢ゾエアで 12 本へ急
激に増加したが，その後は脱皮ごとに数本が増加したにすぎなかった。  
摂餌量 第 1，第 3，第 5 齢ゾエアにおけるアルテミア給餌密度と 1 日 1 個体
あたりの摂餌数の関係を Fig. 3 に示した。各区の摂餌数には，第 1 齢ゾエアで
は 4 個体 / mL 区とそれ以外の区で，第 5 齢ゾエアでは 0.25，0.5 ならびに 1 個
体 / mL 区と 2 個体 / mL 区でそれぞれ有意差が認められ（P<0.05），第 3 齢ゾ
エアでは有意差が認められなかった（P>0.05）。摂餌数は，第 3 齢と第 5 齢ゾエ
アでバラツキが大きいものの，給餌密度にしたがって増加し，2 個体  / mL 以上
では飽和する傾向が認められた。また，齢期にともない摂餌数は多くなり，4 個
体 / mL の基準で給餌したときの摂餌数を Fig. 3 の関係式から求めると，第 1
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大きな影響を及ぼし，2～4 個体 / mL 区で有意に高い生残率と短い脱皮所要日
数を示した。したがって，生残率と発育速度から判断したアルテミアの適正給
餌密度は 2 個体 / mL 程度であると考えられる。今回と同様の現象は，アミメ
ノコギリガザミ Scylla serrata (Suprayudi et al., 2002)，アサニガニ  Ranina ranina 
(Minagawa & Murano, 1993) およびテラオクルマエビ  Penaeus marginatus 














ロパの頭胸甲長は 2～4 個体/ mL 区で有意に大きい値を示した。したがって，
成長から判断したアルテミアの適正給餌密度は 2 個体/ mL 程度であると考えら
れる。インドクルマエビ  Penaeus indicus (Emmerson, 1980) やミナミイセエビ  
Jasus edwardsii (Tong et al., 1997） の幼生では給餌密度が高いほど全長が大き
くなる傾向を示し，アサヒガニ幼生では，給餌密度が高いほど甲長等の成長が
促進されるが，各付属肢の遊泳毛数に与える影響はないと報告されている 
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(Minagawa & Murano, 1993)。一方，アミメノコギリガザミでは，高い給餌密度
でゾエアを飼育した場合，ゾエアの形態形成が過剰に進行し，メガロパへ正常





摂餌量 ケガニのゾエアは，2 個体 / mL 以上のアルテミア給餌密度で飽食す
る傾向を示した。したがって，2 個体  / mL 以上で飽食に達することが，ゾエア
の高い生残率，発育速度および成長の促進を実現しているものと推察される。
今回と同様な給餌密度と摂餌量の関係は，アサヒガニ  (Minagawa & Murano, 
1993），インドクルマエビ (Emmerson, 1980），タイワンガザミ  Portunus pelagicus
（八塚，1960），イセエビ Panulirus japonicus（井上，1965），ヨシエビ  Metapenaeus 
ensis (Chu & Shing, 1986)ならびにウシエビ  Penaeus monodon  (Loya-Javellana, 
1989） 等の幼生でも報告されている。  
本実験では，第 3 齢と第 5 齢ゾエアの摂餌量のバラツキが大きかった。この
原因として，実験中は無通気としたため，実験容器内におけるアルテミアの分
布が不均一であった可能性が考えられる。また，ガザミ  Portunus trituberculatus
では，ゾエアの摂餌量は齢期にともない餌料密度に依存しなくなる，すなわち
増大した遊泳力により積極的に摂餌を行うと推察されており（深山，1997），ホ











よび成長から判断した適正給餌密度は 2 個体 / mL 程度であると結論付けられ
る。ケガニ幼生は珪藻の一種 Thalassiosira sp.を給餌して第 3 齢ゾエアまで成
長させることが可能であることから（市川 卓，私信），数十トン規模の大型水
槽によるケガニの種苗生産では，Thalassiosira sp.とアルテミアが併用給餌され，
給餌密度は前者がゾエア期間を通じて 1000～5000 細胞/ mL に設定し，後者が
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Table 1  Mean survival rate (n=2) required to reach each larval stage of Erimacrus isenbeckii reared at six prey density 
levels 
Prey density Survival rate (%) to each stage*1 
(nauplii /mL) Z2 Z3 Z4 Z5 MG C1 
0 0 (0.0)*2,a 0 (0.0)a*3 0 (0.0)a 0 (0.0)a 0 (0.0)a 0 (0.0)a 
0.25 92.0 (2.8)b 84.0 (2.8)b 65.0 (12.7)b 38.0 (0.0)b 14.0 (2.8)b 4.0 (2.8)ab 
0.5 100.0 (0.0)c 92.0 (5.7)bc 89.0 (4.2)bc 71.0 (1.4)c 38.0 (2.8)c 23.0 (4.2)bc 
1  99.0 (1.4)bc 96.0 (0.0)bc 92.0 (5.7)bc 86.0 (2.8)cd 44.0 (11.3)c 29.0 (21.2)bcd 
2  99.0 (1.4)bc 98.0 (2.8)c 97.0 (1.4)c 97.0 (1.4)d 71.0 (4.2)d 64.0 (0.0)cd 
4  100.0 (0.0)c 100.0 (0.0)c 97.0 (4.2)c 94.0 (5.7)d 84.0 (2.8)d 69.0 (9.9)d 
*1 Z2-Z5, second to fifth zoeal stage; MG, megalopal stage; C1, first crab stage.  
*2 Mean (SD). 










Days to each stage*2 
Z2 Z3 Z4 Z5 MG C1 
0.25 8.6 (23.5)*3,a 18.5 (19.0)a*4 27.2 (15.2)a 36.8 (15.7)a 50.9 (14.0)a 70.3 (5.7)a 
0.5 7.4 (13.7)b 14.8 (16.8)b 22.7 (13.1)b 31.1 (15.0)b 45.0 (15.1)b 67.3 (8.6)a 
1 6.6  (9.6)c 12.8 (9.1)c 18.9 (10.1)c 24.9 (9.6)c 34.0 (8.2)c 60.8 (7.5)b 
2 6.1 (4.5)d 11.4 (5.5)d 16.8 (5.5)d 22.7 (5.2)d 30.5 (4.2)d 55.1 (4.5)c 
4 6.0 (2.3)d 10.9 (3.5)d 15.6 (4.4)e 21.4 (4.0)e 29.0 (3.6)d 54.3 (6.5)c 
*1 No larvae survived to second zoeal stage (Z2) at 0 nauplius /mL. 
*2 Z2-Z5, second to fifth zoeal stage; MG, megalopal stage; C1, first crab stage.  
*3 Mean (coefficient of variation). N equals the number of larvae which successfully molted from the previous stage in both beakers 1 and 2 
(see Fig. 2).





Table 3  Variation of carapace length, percent ratio of lengths of several appendages to carapace length and number of setae of exopods 
of the second maxilliped of Erimacrus isenbeckii larvae (n = 5) at five prey density levels
Stage*1 Prey density*2 (nauplii /mL) 
Length (mm)*3  Ratio to carapace length (%)*3 
Number of setae CL  MA CH CP P 
Z1 - 1.11 (0.05)*4  47.1 (2.6)*5 - - 2.3 (0.5) 4.0 (0.0) 
Z2 
0.25 1.34 (0.09)a  42.4 (1.9)a - - 5.8 (0.3)a 12.0 (0.0)a 
0.5 1.40 (0.07)a  41.7 (1.6)a - - 5.3 (0.5)a 12.0 (0.0)a 
1 1.38 (0.05)a  44.1(2.0)a - - 5.4 (0.3)a 12.0 (0.0)a 
2 1.37 (0.08)a  43.4 (2.3)a - - 5.4 (0.8)a 12.0 (0.0)a 
4 1.46 (0.02)a  40.9 (1.5)a - - 5.1 (0.3)a 12.0 (0.0)a 
Z3 
0.25 1.58 (0.07)a  41.3 (1.6)ab - - 8.8 (0.7)a 14.0 (0.0)a 
0.5 1.67 (0.03)ab  39.5 (1.2)a - - 8.7 (0.3)a 14.2 (0.4)a 
1 1.71 (0.05)b  40.4 (1.9)a - - 9.5 (1.1)ab 14.0 (0.0)a 
2 1.70 (0.04)b  40.5 (0.6)a - - 9.3 (1.4)a 14.0 (0.0)a 
4 1.63 (0.07)b  44.4 (2.8)b - - 11.2 (0.6)b 14.0 (0.0)a 
Z4 
0.25 1.87 (0.07)a  36.3 (1.8)a 22.3 (0.7)ab 27.3 (1.0) 16.7 (0.8)a 17.6 (0.5)a 
0.5 1.90 (0.12)ab  38.4 (3.0)a 22.5 (1.2)ab 28.1 (1.7) 17.3 (2.2)a 17.6 (0.5)a 
1 1.99 (0.14)ab  39.6 (2.7)a 22.3 (2.2)ab 27.4 (2.3) 17.8 (1.5)a 18.0 (0.0)a 
2 2.05 (0.03)ab  38.1 (1.1)a 23.0 (0.9)a 28.5 (0.8)*6 19.0 (0.7)a 17.8 (0.4)a 
4 2.07 (0.08)b  38.8 (1.3)a 20.1 (0.9)b 28.1 (0.1)*7 18.0 (1.6)a 18.0 (0.0)a 
Z5 
0.25 2.15 (0.05)a  35.7 (1.8)a 30.3 (1.6)a 35.6 (2.1)ab 24.4 (2.0)a 19.4 (0.5)a 
0.5 2.30 (0.18)ab  34.4 (1.6)a 27.1 (2.8)ab 33.2 (2.3)a 31.8 (3.9)b 19.2 (1.3)a 
1 2.47 (0.08)bc  35.3 (1.4)a 27.7 (1.5)ab 35.5 (1.5)ab 26.6 (1.3)a 20.0 (0.0)a 
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2 2.59 (0.09)bc  35.0 (1.7)a 25.6 (1.5)b 32.9 (2.9)a 27.7 (1.9)ab 20.4 (0.5)a 
4 2.54 (0.18)bc  36.4 (1.7)a 30.5 (2.8)a 39.0 (2.6)b 28.6 (2.4)ab 20.2 (0.4)a 
MG 
0.25 2.98 (0.15)a  - - - - - 
0.5 3.10 (0.16)a  - - - - - 
1  3.53 (0.21)b  - - - - - 
2  3.62 (0.09)bc  - - - - - 
4  3.93 (0.20)c  - - - - - 
*1 Z1-Z5, first to fifth zoeal stage; MG, megalopal stage. 
*2 No larvae survived to second zoeal stage (Z2) at 0 nauplius /mL. 
*3 CL, carapace length; MA, percent ratio of expod length of the second maxilliped to carapace length; CH, percent ratio of chela length to 
carapace length; CP, percent ratio of cheliped length to carapace length; P, percent ratio of third pleopod length to carapace length.
*4 Mean (SD).  
*5 Significant differences were found between groups with different superscripts in the same column (P＜0.05). 
*6 n = 3 




Figure 1  Diagram showing measurement of body parts for zoeal stages of Erimacrus 
isenbeckii. Body parts are illustrated using a fifth stage zoea of preserved specimens 
in the experiment. CL, carapace length; CPL, cheliped length; CHL, chela length; 





Figure 2  Number of larvae in each larval stage with time after hatching of 
Erimacrus isenbeckii reared at six prey density levels. Symbols indicate the larval 
stages: Z1–Z5, first to fifth zoeal stage; MG, megalopal stage; C1, first crab stage. 
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Figure 3  Number of prey consumed by horsehair crab Erimacrus isenbeckii larvae 
reared at five prey density levels for one day. Vertical bars indicate standard 
deviation. Z1–Z5, first to fifth zoeal stage. 
  
y = 2.02Ln(x) + 6.00
R² = 0.84
y = 3.32Ln(x) + 17.56
R² = 0.48










































Effects of water temperature on survival, development and feeding of 
larvae of the horsehair crab Erimacrus isenbeckii (Crustacea, Decapoda, 
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抱卵雌 2002 年の 2～3 月にかけて，ふ化直前の抱卵雌 145 個体（頭胸甲長の
平均値±標準偏差，67.7 ± 5.3 mm）を北海道釧路沖から特別採捕許可によって入
手した。そのうちの抱卵雌 5 個体を，日本栽培漁業協会厚岸事業場（現，国立
研究開発法人水産研究・教育機構北海道区水産研究所厚岸庁舎）の 0.5 m3 水槽
に個別に収容し，砂ろ過海水を使用して流水（10 回転  / 日）で飼育し，ふ化さ
せた。餌料はチカ，アサリおよびオキアミの切り身を用い，残餌が出る程度の
量を週 2 回の頻度で給餌した。飼育期間中の水温は–0.1～2.8℃で推移した。  
幼生の生残と発育に及ぼす水温の影響 実験区として，飼育水温を，6，9，12，
15，18，21℃とした合計 6 区を設けた。飼育には，2 L の白色ポリエチレンビー
カーを各区 3 個用い，水量は 2 L とした。0.5 m3 水槽で飼育していた抱卵雌 1
個体から 2002 年 3 月 17 日にふ化した幼生を，各ビーカーに 50 個体ずつ収容
した。3 個のビーカーのうち，2 個は生残率と各齢期へ脱皮するまでの所要日数
を求め，1 個は齢期ごとに幼生の体サイズを測定するために供した。飼育に用
いた海水は，砂ろ過後に 50 μm と 5 μm のカートリッジフィルター（ポリプロ
ピレンワインドカートリッジフィルター，アドバンテック社製）でろ過したも
ので，約 1 日充分に曝気して使用した。飼育水温はウォーターバス方式で調温
し，ふ化幼生の収容時には 2℃，翌日に 6℃，その後は各区の設定温度まで 3℃ 
/ 日で上昇させ，以後各設定水温に対して± 1.0℃を維持した。通気は，各ビー
カーに対してパスツールピペット 1 本を用いて微量（約 70 mL / min）に行った。
日長は，水面から約 1 m の箇所に設置した 2 本の蛍光灯（40 W）を 7 時から 19
時まで点灯して調整した。照度は，ビーカーの水面上で 600～700 lx であった。
餌料には北米産のアルテミア（日清ファインケミカル社製）を用い，13 L バケ
ツを用いて 26℃，24 時間でふ化させた。ふ化したアルテミアは，回収して 13 
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L バケツに密度が 100 個体 / mL となるように再収容し，市販の栄養（エイコ
サペンタエン酸）強化剤（マリンアルファ，日清サイエンス社製）を 20 mL / L
の割合で添加し，水温 22℃で 18～23 時間栄養強化した。給餌密度は，前報（神
保ら，2005）の結果に基づき，各水温区とも 4 個体 / mL に統一した。  
幼生は，毎日午前中に，前日から新しい海水を入れてあらかじめ調温してお









社製）を 10 ppm の濃度で添加した。実験は，飼育した幼生が全滅するか，全て
の幼生が第 1 齢稚ガニへ脱皮した日まで行った。  
各齢期の体サイズ測定用のビーカーでは，メガロパまでの齢期ごとに最初に
脱皮した 5 個体を，5%中性ホルマリンで 1 日固定後，70%エタノールで保存し，
測定に供した。測定項目は前報 5)と同様に，頭胸甲長，第 2 顎脚外肢長と遊泳
毛数，鋏長，鋏脚長ならびに第 3 腹節腹肢長とした。測定は，実体顕微鏡（倍
率 25～75 倍）および生物顕微鏡（100 倍）下で接眼マイクロメーターを用いて







生の摂餌数に及ぼす影響を調べた。実験は，2002 年に実施し，第 1，3 および 5
齢ゾエアを供した。第 1 齢ゾエアはふ化 1 日後，第 3 齢および第 5 齢ゾエアは
脱皮 2 日後の幼生であり，実験に供するまで前述の方法により 12℃で飼育し
た。ただし，第 1 齢ゾエアはふ化水温（2℃）のまま飼育した。各実験区では，
20 mL ガラス製標本瓶を各区 5 個使用し，幼生を 1 個体ずつ収容した。水量は
20 mL とし，前述のアルテミアを第 1 齢および第 3 齢ゾエアでは 40 個体，第 5
齢ゾエアでは 100 個体ずつ給餌した。幼生と餌を入れたガラス瓶は，上述の幼
生飼育実験と同一のウォーターバス内（各設定水温  ± 0.3℃）に直接収容し，無
通気で静置した。日長および光条件は，幼生の飼育方法における設定と同様と










Minagawa, 1990； Okamoto, 1993；Matsuda & Yamakawa, 1997；Anger, 2001；Anger 







bTaD                      (1) 
Bělehrádek の式： bTaD )(           (2) 
積算温度則の式： )/(  TaD           (3) 
ここで Bělehrádek の式と積算温度則の式におけるパラメータ は，それぞ
れ生物学的零度と発育臨界温度と呼ばれ，発育がその温度以下で停止する理論
的閾値である。式（2）において，  = 0 の場合，式（1）と式（2）は一致し，
また式（2）において b = –1 の場合，式（2）と式（3）は一致する関係にある。
各モデル式のパラメータの推定は，統計ソフト R を用い  (R Development Core 






飼育水温 各区における飼育水温の推移を Fig. 1 に示した。9℃区では 2 日目
に，12℃区では 3 日目に，15℃区では 4 日目に，18℃区では 5 日目に，21 ℃区
では 6 日目にそれぞれ設定値まで昇温した。その後の各区の平均水温（標準偏
差）は，6.1℃（0.1），9.2℃（0.4），12.2℃（0.3），15.3℃（0.3），18.1℃（0.3）
および 20.9℃（0.2）であり，設定値を維持できた。  
各齢期までの生残 各実験区とも，供試した 2 個のビーカーの生残と発育状況
は同様な傾向を示した（Fig. 2）。すべての区で第 2 齢ゾエアへの脱皮が認めら
れたが，21℃区では第 2 齢から第 3 齢ゾエアへの脱皮期に大きく減耗し，第 4
齢ゾエアへ脱皮した個体は認められずに 16 および 21 日目で全滅した。18℃区
では次齢期に脱皮するごとに減耗が認められ，特にメガロパへの変態期から第





意差が認められる傾向があり，第 1 齢稚ガニまでの生残率は，9℃および 12℃






くなる傾向を示し，6℃，9℃，12℃，および 15～18℃区の 4 群間で有意差が認
められる傾向があったが，18℃区以上では逆に長くなる傾向を示した（Table 2）。
脱皮時期のバラツキの指標として，各齢期までの所要日数の変動係数を計算し
て Table 2 に示した。変動係数は，第 2 齢ゾエアでは 12℃区が最も小さく，15℃
区が最も大きかった。第 3 齢ゾエアからメガロパにかけての変動係数は，6～
15℃の範囲では水温にしたがってわずかに大きくなるものの，脱皮時期の大き
なバラツキは見られなかった（Table 2）。しかし，18～21℃区では第 3 齢ゾエア
で，18℃区ではメガロパで，また 15℃区では第 1 齢稚ガニでの変動係数が上昇
し，脱皮時期のバラツキが大きくなる傾向を示した（Table 2）。  
飼育水温と各齢期までの所要日数の関係を表した 3 つのモデル式のパラメー
タの推定値を Table 3 に示した。ふ化からメガロパまでの期間では，Bělehrádek
の式が最小の AIC を示し，データへの適合度が最も良かった。一方，ふ化から
第 1 齢稚ガニまでの期間では，べき乗式が最小の AIC を示したものの，3 式と
もほぼ同程度の値であった。  
成長 各齢期の頭胸甲長，頭胸甲長に対する第 2 顎脚外肢長，鋏長，鋏脚長な




なる傾向を示し，第 5 齢ゾエアでは 12～18℃区が 6～9℃区に対して有意に小





ともない増加する傾向が認められた。第 2 顎脚外肢の遊泳毛数は，第 1 齢ゾエ
アでは 4 本で，第 2 齢ゾエアで 12 本へ急激に増加したが，その後は脱皮ごと
に数本が増加したにすぎなかった。  
摂餌数 各水温における第 1，第 3，第 5 齢ゾエアの 1 日 1 個体あたりのアル
テミア摂餌数を Table 5 に示した。ただし，実験期間中に，第 1 齢ゾエアの 18℃
で 1 個体，21℃で 3 個体，第 5 齢ゾエアの 18℃で 1 個体が死亡したので，それ
らのデータは除外して示した。ゾエアのアルテミア摂餌数は，バラツキが大き
いものの各齢期とも 6℃，18℃および 21℃で減少する傾向が認められた。特に，
















中西，1987），ハナサキガニ Paralithodes brevipes (Nakanishi, 1981)，タカアシガ
ニ Macrocheira kaempferi (Okamoto, 1993)，アサヒガニ  Ranina ranina (Minagawa, 
1990)，ズワイガニ  Chionoecetes opilio（小金ら，1990），イバラガニ属の一種 
Lithodes santolla (Anger et al., 2004)，パタゴニアエゾイバラガニ  Paralomis 
granulosa (Anger et al., 2003)，トヤマエビ  Pandalus hypsinotus（尾身・山下，
1973a），テラオクルマエビ Melicertus marginatus (Gopalakrishnan, 1976)，ならび






















た。Bělehrádek の式におけるパラメータ （生物学的零度）は，第 5 齢ゾエア






から次第に深くなり，メガロパから第 1 齢稚ガニにかけて水深 20～50 m 付近
で着底する（阿部，1977）ことに関連した生理的な変化と捉えることができる。










イチョウガニ属の一種  Cancer irroratus (Johns, 1981)，テラオクルマエビ  
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(Gopalakrishnan, 1976)，アメリカウミザリガニ (MacKenzie, 1988)，クルマエビ















には不適であると判断される。アミメノコギリガザミ  Scylla serrata の種苗生産
では，ゾエアからメガロパ変態期の脱皮同調率が低下すると，メガロパがゾエ
アを捕食する共食いによって大きく減耗する場合があることから，脱皮が同調
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Table 1 Mean survival rates of horsehair crab Erimacrus isenbeckii larvae reared to each larval stage in two 2-L beakers (50 per beaker) at 
six water temperatures 
Water temperature 
(°C) 
Mean survival rate (%) to each stage 
Zoea II Zoea III Zoea IV Zoea V Megalopa  First crab 
6 99.0 (1.4)a 99.0 (1.4)a 98.0 (2.8)a 95.0 (4.2)ab 91.0 (9.9)a 53.0 (18.4)a 
9 100.0 (0.0)a 100.0 (0.0)a 99.0 (1.4)a 98.0 (0.0)a 95.0 (1.4)a 82.0 (2.8)a 
12 100.0 (0.0)a 99.0 (1.4)a 98.0 (0.0)a 97.0 (1.4)ab 87.0 (9.9)a 72.0 (14.1)a 
15 100.0 (0.0)a 99.0 (1.4)a 99.0 (1.4)a 97.0 (4.2)a 77.0 (4.2)a 63.0 (4.2)a 
18 98.0 (2.8)a 93.0 (1.4)a 86.0 (0.0)a 77.0 (4.2)b 31.0 (4.2)b 2.0 (2.8)b 
21 99.0 (1.4)a 12.0 (0.0)b 0.0 (0.0)b 0.0 (0.0)c 0.0 (0.0)c 0.0 (0.0)b 
Values in parentheses are standard deviations. 




Table 2  Mean number of days from hatching to each larval stage in horsehair crab Erimacrus isenbeckii larvae reared in 2-L beakers 
(50 per beaker) at six water temperatures 
Water temperature 
(°C) 
Mean number of days to each stage 
Zoea II Zoea III Zoea IV Zoea V Megalopa First crab 
6 10.5 (4.8)a 19.8 (3.3)a 29.5 (2.0)a 40.4 (3.0)a 56.6 (1.7)a 100.4 (3.8)a 
9 7.1 (4.7)b 13.1 (3.2)b 19.6 (3.1)b 26.9 (2.8)b 37.7 (2.1)b 68.7 (4.3)b 
12 6.0 (1.7)c 10.5 (5.0)c 15.2 (3.7)c 20.6 (3.3)c 27.9 (2.7)c 51.0 (5.5)c 
15 5.2 (8.2)d 9.5 (5.8)d 13.6 (4.9)d 18.3 (4.2)d 24.7 (4.0)d 43.8 (7.1)d 
18 5.0 (4.8)e 9.9 (7.9)e 14.2 (5.6)e 18.8 (5.3)e 26.2 (16.1)d 41.5 (3.6)d 
21 5.0 (2.0)e 10.8 (12.7)c – – – – 
Mean values were calculated by using data for all larvae that successfully molted from the previous stage in both beaker 1 and beaker 2 
(see Fig. 2). 
Values in parentheses are coefficients of variation (%).






Table 3  Parameters estimated by non-linear least-squares method for power function (P, D = aTb), Bělehrádek’s equation (B, D = a(T–α)b) 
and an equation from heat summation theory (H, D = a/(T–α)) between number of days (D) from hatching to each larval stage and mean 
water temperature (T) in horsehair crab Erimacrus isenbeckii larvae reared at 6 to 15 °C 
Period Equation n A b α Akaike Information Criterion
Zoea II 
P 399 85.59 ( 2.03)* –1.15 ( 0.01)* – 429.1
B 399 28.54 (6.42)* –0.77 (0.08)* 2.58 ( 0.56)* 420.3
H 399 54.64 (0.59)* – 1.03 (0.07)* 423.4
Zoea III 
P 397 125.81 (2.34)* –1.03 (0.01)* – 836.5
B 397 31.44 (2.48)* –0.54 (0.03)* 3.76 (0.23)* 754.5
H 397 115.04 (1.11)* – 0.27 (0.07)* 830.9
Zoea IV 
P 393 184.72 (2.60)* –1.02 (0.01)* – 945.9
B 393 60.32 (4.79)* –0.64 (0.03)* 3.04 (0.23)* 871.8
H 393 174.15 (1.30)* – 0.18 (0.05)* 941.0
Zoea V 
P 390 246.75 (3.38)* –1.00 (0.01)* – 1171.9
B 390 84.71 (6.45)* –0.65 (0.03)* 2.96 (0.22)* 1096.3
H 390 242.58 (1.79)* – 0.08 (0.05)NS 1170.2
Megalopa 
P 352 361.23 (4.08)* –1.03 (0.01)* – 1124.0
B 352 159.07 (13.11)* –0.76 (0.03)* 2.19 (0.23)* 1073.2
H 352 330.50 (2.00)* – 0.25 (0.04)* 1116.0
First crab 
P 268 569.65 (11.20)* –0.96 (0.01)* – 1369.1
B 268 527.47 (123.49)* –0.94 (0.07)* 0.22 (0.66)NS 1371.0
H 268 642.48 (86.75)* – –0.33 (0.08)* 1369.7
Parameter α is known as “biological zero’’ in Bělehrádek’s equation and as the “threshold temperature’’ for development in the equation from 
heat summation theory. 




Table 4  Mean values of carapace length, lengths of several appendages as ratios to carapace length, and number of setae on exopod of the 








Ratio to carapace length (%) Number of 
setae Exopod of 2nd maxilliped Chela Cheliped 3rd pleopod 
Zoea I – 1.29 (0.03) 42.9 (2.3) – – 2.3 (0.2) 4.0 (0.0) 
Zoea II 
6 1.55 (0.12)a 43.8 (4.0)a – – 6.0 (0.7)a 12.0 (0.0)a 
9 1.62 (0.06)a 42.1 (2.0)a – – 5.0 (0.5)a 12.0 (0.0)a 
12 1.54 (0.03)a 43.1 (1.3)a – – 5.3 (0.8)a 12.0 (0.0)a 
15 1.53 (0.05)a 42.4 (0.5)a – – 6.0 (0.6)a 11.8 (0.4)a 
18 1.52 (0.03)a 43.3 (1.5)a – – 5.8 (0.6)a 12.0 (0.7)a 
21 1.50 (0.03)a 43.5 (1.0)a – – 5.6 (0.5)a 12.0 (0.0)a 
Zoea III 
6 1.95 (0.08)a 41.7 (1.3)a – – 12.9 (2.1)a 14.0 (0.0)a 
9 1.95 (0.08)a 40.1 (1.9)a – – 10.8 (2.1)a 14.6 (0.5)a 
12 1.85 (0.06)a 42.3 (1.4)a – – 12.5 (1.4)a 14.0 (0.7)a 
15 1.83 (0.04)a 41.7 (1.7)a – – 10.5 (1.4)a 14.8 (0.8)a 
18 1.87 (0.08)a 38.9 (2.3)a – – 11.8 (1.3)a 15.0 (1.0)a 
21 1.84 (0.04)a 39.0 (2.4)a – – 10.7 (0.6)a 16.0 (1.0)a 
Zoea IV 
6 2.33 (0.08)a 39.6 (1.1)ab 22.9 (0.7)a 27.8 (1.3)a 21.3 (1.1)a 18.6 (0.5)a 
9 2.25 (0.10)a 40.4 (1.7)a 21.9 (2.0)a 28.1 (2.8)a 22.2 (1.4)a 18.8 (0.8)a 
12 2.28 (0.12)a 39.4 (1.0)ab 23.5 (2.5)a 29.7 (3.3)a 21.0 (1.9)a 17.8 (0.4)a 
15 2.21 (0.05)a 37.7 (1.7)b 22.0 (1.3)a 27.9 (1.9)a 20.5 (1.2)a 17.8 (1.1)a 
18 2.14 (0.05)a 39.7 (0.6)ab 22.3 (2.2)a 28.1 (1.2)a 21.8 (2.0)a 17.8 (0.4)a 
21 – – – – – –
Zoea V 
6 2.88 (0.14)a 37.7 (2.2)a 26.7 (2.5)a 33.3 (1.8)a 29.9 (2.0)a 20.8 (0.8)a 
9 2.82 (0.09)a 37.2 (1.5)a 26.7 (1.1)a 33.7 (1.4)a 30.3 (2.0)a 20.8 (0.4)a 
12 2.64 (0.04)b 37.3 (1.8)a 28.0 (2.2)a 36.0 (1.4)a 32.3 (0.9)a 19.2 (0.8)a 
15 2.68 (0.05)b 36.2 (1.4)a 27.5 (0.6)a 35.5 (1.1)a 29.6 (1.2)a 20.2 (0.4)a 
18 2.55 (0.07)b 36.7 (2.4)a 28.7 (2.2)a 36.2 (2.1)a 29.8 (1.5)a 19.6 (0.9)a 




6 4.16 (0.09)abc – – – – –
9 4.28 (0.09)b – – – – –
12 4.00 (0.11)c – – – – – 
15 3.81 (0.14)c – – – – –
18 3.40 (0.11)d – – – – –
21 – – – – – – 
Number of samples was five for each group, except for the 21 °C group of the third zoeal stage, in which only three larvae could be 
measured. Values in parentheses are standard deviations.





Table 5  Mean number of prey (Artemia nauplii) consumed by horsehair crab Erimacrus isenbeckii larvae reared at six water temperatures 
Stage Water temperature (°C) 6 9 12 15 18 21 
Zoea I 6.4 (1.8)a 7.4 (3.7)a 5.6 (3.7)a 6.6 (1.1)a 3.5 (3.9)a 0.5 (0.7)a 
Zoea III 17.4 (3.5)ab 23.0 (6.0)b 24.8 (5.3)b 23.8 (2.4)b 17.0 (2.9)ab 12.0 (4.6)a 
Zoea V 47.4 (13.4)a 60.6 (8.7)a 59.8 (13.6)a 61.4 (12.8)a 60.3 (16.0)a 42.2 (11.8)a 
Larvae at the first zoeal stage reared at 2 °C for 1 day after hatching were individually stocked in 20-mL seawater bottles with the designated 
number of Artemia nauplii and were exposed to the test temperature for 24 h; five larvae were used per temperature. The numbers of Artemia 
nauplii remaining in the bottles were then counted. Larvae at the third and fifth zoeal stages reared at 12 °C for 2 days after molting were 
treated similarly to those at the first zoeal stage. Because of larval deaths during the experiment, only four values were used to calculate the 
mean number of prey consumed by larvae in the 18 °C groups at the first zoeal and fifth zoeal stages, and only two values were used for the 
21 °C group at the first zoeal stage. Values in parentheses are standard deviations. 







Figure 1  Changes in daily water temperature in rearing beakers of horsehair crab 
Erimacrus isenbeckii larvae. Temperature was increased from the hatching 
temperature of 2 °C to 6 °C one day after hatching and then increased to each 
designated temperature at a rate of 3 °C per day; it was then controlled at each 










Figure 2  Changes in numbers of each larval stage of the horsehair crab Erimacrus 
isenbeckii reared in 2-L beakers 1 and 2 for each temperature, each initially 



















Effect of salinity on survival, development and feeding of larvae of the 

















al., 1960；倉田，1960；今，1973；Gopalakrishnan, 1976；Johns, 1981；Rabalalis 
& Cameron, 1985；Minagawa, 1992；井上，1998；Anger, 1991, 1996, 2001, 2003；
Anger & Charmantier, 2000；松田，2006；Dan & Hamasaki, 2011），種苗生産技術
においても基礎的かつ重要な飼育条件である。しかし，これまでにケガニ幼生
の適正な飼育塩分は明らかにされていない。そこで，本研究では，ケガニ幼生





抱卵雌 2003 年の 1～2 月にかけて，ふ化直前の抱卵雌 8 個体（甲長の平均値




教育機構北海道区水産研究所厚岸庁舎）の 0.1 m3 水槽に個別に収容し，砂ろ過




35，40，45 psu とした合計 8 区を設けた。飼育には，2 L の白色ポリエチレンビ
ーカーを各区 3 個ずつ用い，0.1 m3 水槽で飼育していた抱卵雌 1 個体から 2003
年 3 月 25 日にふ化した幼生を，各ビーカーに 50 個体ずつ収容した。3 個のビ
ーカーのうち，2 個は生残率と各齢期へ脱皮するまでの所要日数を求め，1 個は
各齢期の成長を測定するために供した。飼育に用いた海水は，砂ろ過後に 50 μm
と 5 μm のカートリッジフィルター（ポリプロピレンワインドカートリッジフ
ィルター，アドバンテック社製）でろ過し，約 1 日充分に曝気して使用した。
塩分の調整は，蒸留水と人工海水作成用粉末（マリンソート，ロート製薬製）




12.3 ± 0.4℃を維持した。通気は，各ビーカーに対してパスツールピペット 1 本
を通気管に用いて微量（約 70 mL / 分）で行った。日長は，水面から約 1 m 上
に設置した 2 本の蛍光灯（40 W）を 7 時から 19 時まで点灯して調整した。照
度は，ビーカーの水面上で 600～700 lx であった。餌料には北米産のアルテミ
ア Artemia sp.（日清ファインケミカル社製）を用い，13 L バケツを用いて 26℃
－24 時間でふ化させた。ふ化したアルテミアは，回収後 13 L バケツに 100 個
体 / mL となるように再収容し，市販の栄養（エイコサペンタエン酸）強化剤
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（マリンアルファ，日清サイエンス社製）を 20 mL / L の割合で添加し，水温
22℃で 18～23 時間栄養強化した。給餌密度は，前々報（神保ら，2005）の結果










ンナトリウム（シグマ社製）を 10 ppm で添加した。実験は，飼育した幼生が全
滅するか，全ての幼生が第 1 齢稚ガニへ脱皮した日まで行った。  
各齢期の体サイズ測定用のビーカーでは，メガロパまでの齢期ごとに最初に
脱皮した 5 個体を 5%中性ホルマリンで 1 日固定後，70%エタノールで保存し，
測定に供した。測定項目は前々報（神保ら，2005）および前報（神保ら，2007）
と同様に，頭胸甲長，第 2 顎脚外肢長と遊泳毛数，鋏長，鋏脚長ならびに第 3
腹節腹肢長とした。測定は，実体顕微鏡（倍率 25～75 倍）および生物顕微鏡
（100 倍）下で接眼マイクロメーターを用いて行った。ただし，鋏長および鋏
脚長については第 4，第 5 齢ゾエアのみで測定し，メガロパでは頭胸甲長のみ
を測定した。第 2 顎脚外肢長，鋏長，鋏脚長ならびに第 3 腹節腹肢長について
は，頭胸甲長に対する割合（各付属肢長×102 / 頭胸甲長，%）を算出した。  
幼生の摂餌に及ぼす塩分の影響 塩分（15，20，25，30，35，40，45 psu）が幼




かけて 12℃まで飼育水温を上昇させたものを供した。第 2 齢ゾエアで供試した
個体は，ふ化日からろ過海水（塩分 32 psu）を用いて上述の方法で飼育した。
第 2 齢ゾエアに脱皮した翌日の実験開始 3 時間前に，各塩分の海水を入れたガ
ラス製ビーカー（100 mL）に 5 個体ずつ直接収容し，各塩分に馴致させた。第
3 齢ゾエアでは，各塩分区の成長測定用ビーカーで飼育していたものを供試し
た。ただし，45 psu 区では第 3 齢ゾエアに脱皮しなかったため，実験を行わな
かった。摂餌数を調べた実験容器は 20 mL ガラス製標本瓶で，各塩分で 5 個使
用した。各塩分の海水を標本瓶に 20 mL 入れ，アルテミアを 40 個体ずつ給餌













各齢期までの生残 各実験区とも，供試した 2 個のビーカーにおける生残と発




脱皮時期に減耗し，第 4 齢ゾエアまで認められたものの 25 日目で全滅した。45 
psu 区では，第 1 齢ゾエアの 4～7 日目および第 1 齢ゾエアから第 2 齢ゾエアへ
の脱皮期にかけて大きく減耗し，ビーカー1 が第 2 齢ゾエアのまま 42 日目で，
ビーカー2 が第 4 齢ゾエアまで認められたものの 45 日目に全滅した。20～35 
psu 区では，第 5 齢ゾエアまで高い生残が認められた。しかし，20 psu 区では，
第 5 齢ゾエアからメガロパへの変態期に大きく減耗し，変態したメガロパは脱
皮せずに 34 および 35 日目で全滅した。25 psu および 40 psu 区では，第 5 齢ゾ
エアからメガロパおよびメガロパから第 1 齢稚ガニにかけて，それぞれ 30 psu
および 35 psu 区に比較して大きな減耗が認められた。第 1 齢稚ガニでの生残率
は，30，35，25 および 40 psu の順に高く，それぞれ 72.0，63.0，53.0 および
13.0%を示し，区間毎に有意差が認められた（Table 1）。なお，25～40 psu 区に
おいて，メガロパから第 1 齢稚ガニにかけて，死亡個体が認められない共食い
によると推測される減耗（0～7 個体 / ビーカー）が見られたが，塩分との関係
は認められなかったことから（P > 0.05），ここではすべて死亡個体として処理
した。  
各齢期までの所要日数 各齢期までの所要日数は，25 psu 区において最も短く，
それより低く，あるいは高くなるに伴い長くなる傾向を示した（Table 2）。第 3
齢ゾエアからメガロパにかけては，25 psu 区が他の区に対して有意に短く，20
および 30 psu 区が 15 および 35～45 psu 区に対して有意に短かった。しかし，
第 1 齢稚ガニでは 25～30 psu の区間で有意差は認められなかった。脱皮同調性
の指標となる各齢期までの所要日数の変動係数は，25 psu 区において小さく，
それより低く，あるいは高くなるに伴い大きくなる傾向を示した（Table 2）。し




成長 各齢期の頭胸甲長，頭胸甲長に対する第 2 顎脚外肢長，鋏長，鋏脚長な
らびに第 3 腹節腹肢長の比および第 2 顎脚外肢の遊泳毛数を Table 3 に示した。
頭胸甲長は，第 2～5 齢ゾエアでは 40 psu 区が他の区に対して有意に小さい値





る傾向を示し，35 psu または 40 psu 区が 15～25 psu 区に対して有意に大きい値
を示した。第 2 顎脚外肢の遊泳毛数では，第 1 齢ゾエアでは 4 本で，第 2 齢ゾ
エアで 12 本へ急激に増加し，その後は脱皮ごとに数本が増加した。また，第 3
齢ゾエアで 35 psu 区が他の区に対して有意に少ない値を示したが，他の齢期で
は有意差は認められなかった。  
摂餌数 各区における第 1～3 齢ゾエアの 1 日あたりのアルテミア摂餌数を
Table 4 に示した。ただし，実験期間中に，第 2 齢ゾエアの 15 psu 区で 5 個体全
て，第 3 齢ゾエアの 15 psu 区で 2 個体死亡したので，それらのデータは除外し
て示した。摂餌数については，バラツキが大きいものの，齢期に伴い多くなる
傾向を示したが，各齢期とも 15 psu および 45 psu 区で減少する傾向が見られ












て第 1 齢稚ガニまで生残が可能であり，特に 30 psu および 35 psu 区で高い生残
率を示し，天然生息海域における塩分（阿部，1968，1977）とほぼ一致した。
10 psu 区では第 1 齢ゾエアで全滅し，15 psu および 45 psu 区では齢期の進行に
伴い生残率が低下し，それぞれ第 4 齢ゾエアで全滅した。このように，適正な
塩分を外れて飼育した場合に齢期の進行とともに生残が低下する現象は，アサ
ヒガニ Ranina ranina (Minagawa, 1992），ズワイガニ  Chionoecetes opilio（今，
1973），タラバガニ Paralithodes camtschaticus（倉田，1960），イセエビ  Panulirus 
japonicu（井上，1988；松田，2006），イワガニ上科の一種  Sesarma curacaoense 
(Anger & Charmantier, 2000)，シオマネキ属の一種  Uca subcylindrica (Rabalalis & 
Cameron, 1985)，イワガニ上科の一種 Armases miersii (Anger, 1996)，テラオクル
マエビ  Melicertus marginatus (Gopalakrishnan, 1976)，アミメノコギリガザミ  
Scylla serrata (Dan & Hamasaki, 2011) などの多くの十脚甲殻類幼生でも報告さ
れており，一般的な現象と考えられる。また，20 psu および 40 psu 区では第 5
齢ゾエアからメガロパへの変態期に大量減耗が認められた。その原因として，





は，アミメノコギリガザミでも報告されている (Dan & Hamasaki, 2011)。  






curacaoense (Anger & Charmantier, 2000) ，アミメノコギリガザミ  (Dan & 
Hamasaki, 2011) 等でも報告されている。ただし，今回の第 1 齢稚ガニでは 25 
psu 区と 30 psu 区で有意な差は見られず，25 psu 区では変動係数が大きくなり
生残率も低下した。この結果は，ゾエアとメガロパよりも第 1 齢稚ガニの方が
塩分に対する適応範囲が狭くなっていることを示すものである。一方，摂餌量
については 15 psu および 45 psu 区で比較的大きく低下する傾向が見られたが，



























餌に影響を与えることが明らかになった。第 1 齢稚ガニでの生残率は 30，35，
25，40 psu の順で有意に高かったが，40 psu 区ではメガロパ期に大量減耗が認
められた。 成長については，40 psu 区でメガロパにおける成長の不良が認めら
れ，さらに塩分が低くなるほど形態形成に及ぼす影響が大きくなる傾向が認め
られた。また，発育日数については 25 psu および 30 psu で第 1 齢稚ガニまでの









を考慮すると，ケガニ種苗生産における適正飼育塩分は 30～35 psu と結論付け
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Table 1   Mean survival rates of horsehair crab Erimacrus isenbeckii larvae reared to each larval stage in two 2-L beakers (50 per 
beaker) at eight salinity levels 
Salinity 
(psu) 
Mean survival rate (%) to each stage 
Zoea II Zoea III Zoea IV Zoea V Megalopa  Crab I 
10 0.0 (0.0)a 0.0 (0.0)a 0.0 (0.0)a 0.0 (0.0)a 0.0 (0.0)a 0.0 (0.0)a 
15 77.0 (24.0)b 50.0 (14.1)b 2.0 (2.8)a 0.0 (0.0)a 0.0 (0.0)a 0.0 (0.0)a 
20 99.0 (1.4)b 97.0 (1.4)c 96.0 (0.0)b 91.0 (1.4)bc 20.0 (2.8)b 0.0 (0.0)a 
25  97.0 (1.4)b 97.0 (1.4)c 93.0 (1.4)b 91.0 (1.4)bc 77.0 (1.4)c 53.0 (4.2)b 
30  98.0 (2.8)b 97.0 (1.4)c 96.0 (2.8)b 95.0 (1.4)c 87.0 (4.2)c 72.0 (0.0)c 
35  99.0 (1.4)b 98.0 (2.8)c 96.0 (0.0)b 96.0 (0.0)c 83.0 (4.2)c 63.0 (4.2)d 
40  93.0 (4.2)b 87.0 (7.1)bc 86.0 (5.7)b 85.0 (7.1)b 56.0 (8.5)d 13.0 (1.4)e 
45  18.0 (8.5)a 7.0 (9.9)a 2.0 (2.8)a 0.0 (0.0)a 0.0 (0.0)a 0.0 (0.0)a 
 Values in parentheses are standard deviations. 
 Different superscripts in the same column indicate significant differences between salinity groups (P < 0.05). 
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Table 2  Mean number of days from hatching to each larval stage in horsehair crab Erimacrus isenbeckii larvae reared in 2-L beakers (50 per beaker) at seven salinity levels 
Salinity 
(psu) 
Mean number of days to each stage 
Zoea II  Zoea III Zoea IV Zoea V Megalopa  Crab I 
Mean (SD*1) CV*2 (SD)  Mean (SD) CV (SD) Mean (SD) CV (SD) Mean (SD) CV (SD) Mean (SD) CV (SD) Mean (SD) CV (SD) 
15 7.5 (0.4)a 8.1 (1.8)a  14.7 (0.0)a 4.1 (1.3)a 22.0*3a 0.0a - - - - - - 
20 5.2 (0.1)b 7.9 (0.6)a  9.9 (0.1)b 5.4 (0.8)ab 14.8 (0.3)b 6.0 (0.6)b 20.4 (0.2)a 4.3 (1.4)ab 27.7 (0.2)a 3.2 (0.1)a - - 
25 5.0  (0.0)b 3.9 (0.0)a  9.2 (0.1)c 4.5 (1.3)a 13.8 (0.1)c 3.6 (0.2)c 19.2 (0.2)b 2.7 (0.0)a 26.5 (0.0)b 2.7 (0.6)a 50.3 (0.0)a 11.3 (0.2)a 
30 5.3  (0.0)b 8.3 (0.3)a  9.8 (0.0)b 5.1 (0.1)a 14.5 (0.1)b 3.8 (0.2)cde 20.0 (0.0)a 3.6 (0.6)ab 27.6 (0.2)a 3.3 (0.4)a 51.3 (0.4)a 7.0 (0.7)b 
35 6.1  (0.0)c 6.0 (0.1)a  11.0 (0.1)d 7.4 (2.6)ab 15.8 (0.0)d 5.2 (0.0)be 21.8 (0.0)c 3.8 (0.2)ab 29.8 (0.1)c 3.0 (3.2)a 57.4 (0.9)a 7.4 (1.6)b 
40 7.7 (0.1)a 6.6 (0.9)a  13.9 (0.0)e 5.5 (0.8)ab 19.9 (0.1)e 5.6 (1.0)b 26.6 (0.1)d 6.4 (0.3)b 35.8 (0.5)d 5.1 (1.6)a 72.6 (3.4)b 8.5 (0.6)ab 
45 10.8 (0.1)d 8.4 (5.6)a  20.1*3f 10.1b 37.0*3f 0.0a - - - - - - 
Mean values were calculated by using mean number of days from hatching to each larval stage in both beaker 1 and beaker 2 (n = 2, see Fig. 1).   
No larvae survived to the second zoeal stage (Zoea II) at 10 psu.  
Different superscripts in the same column indicate significant differences between salinity groups (P < 0.05). 
*1 SD: standard deviation. 
*2 CV: coefficients of variation (%). 






Table 3  Mean values of carapace length, lengths of several appendages as ratios of carapace length, and number of setae on exopod of the 
second maxilliped in horsehair crab Erimacrus isenbeckii larvae reared at seven salinity levels 




Ratio to carapace length (%) 
Number of 
setae Exopod of  
2nd maxilliped Chela Cheliped 3rd pleopod 
Zoea I – 1.28 (0.04) 42.9 (2.3) – – 2.3 (0.2) 4.0 (0.0) 
Zoea II 
15 1.59 (0.09)a 40.8 (1.5)a – – 5.3 (0.4)ab 12.0 (0.0)a 
20 1.55 (0.04)ab 42.8 (1.6)a – – 5.0 (0.5)ac 12.4 (0.9)a 
25 1.54 (0.03)ab 43.8 (0.2)ab – – 5.0 (0.8)a 12.8 (0.5)a 
30 1.57 (0.08)ab 43.4 (2.2)a – – 5.8 (0.7)ab 12.2 (0.5)a 
35 1.52 (0.06)ab 43.2 (1.9)a – – 5.1 (0.5)ab 12.2 (0.5)a 
40 1.47 (0.05)b 46.6 (2.3)b – – 6.1 (0.5)b 12.4 (0.6)a 
45 1.51 (0.03)ab 43.1 (0.5)a – – 6.1 (0.4)b 12.2 (0.5)a 
Zoea III 
15 1.84 (0.09)ab 37.7 (0.4)a – – 8.9 (2.7)a 15.0 (0.0)ab 
20 1.90 (0.09)a 39.6 (1.8)a – – 10.1 (1.3)a 15.2 (0.5)ab 
25 1.84 (0.06)ab 40.5 (1.7)ab – – 11.3 (1.1)a 15.6 (0.9)a 
30 1.91 (0.04)a 39.3 (1.8)a – – 11.6 (1.1)a 15.6 (0.6)a 
35 1.86 (0.05)ab 41.1 (1.4)ab – – 11.8 (1.2)a 14.2 (0.8)b 
40 1.76 (0.06)b 43.1 (1.4)b – – 11.2 (0.8)a 15.0 (0.7)ab 
45 – – – – – –
Zoea IV 
15 – – – – – –
20 2.26 (0.06)a 35.0 (1.9)a 22.5 (1.5)a 28.4 (1.5)a 19.4 (2.2)a 18.2 (0.5)a 
25 2.23 (0.04)ab 37.0 (1.0)ab 21.7 (1.4)a 27.7 (2.5)a 19.9 (1.8)a 18.8 (0.8)a 
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30 2.20 (0.05)ab 37.7 (1.8)ab 21.7 (1.0)a 28.0 (0.8)a 22.2 (1.4)a 18.4 (0.9)a 
35 2.15 (0.09)ab 39.5 (1.8)b 23.3 (1.0)a 29.1 (0.7)a 21.6 (2.3)a 18.2 (0.8)a 
40 2.13 (0.09)b 39.3 (2.1)b 22.4 (1.4)a 28.2 (1.4)a 22.6 (1.1)a 18.2 (1.3)a 
45 – – – – – –
Zoea V 
15 – – – – – –
20 2.68 (0.06)a 33.6 (0.5)a 27.8 (4.6)a 35.8 (5.2)a 28.6 (1.8)a 21.2 (0.8)a 
25 2.66 (0.04)a 34.1 (2.1)a 27.3 (0.9)a 34.1 (2.5)a 28.8 (2.8)a 20.8 (0.8)a 
30 2.62 (0.05)a 35.5 (1.2)ab 29.2 (3.4)a 37.8 (4.8)a 31.0 (2.9)a 21.4 (0.9)a 
35 2.65 (0.07)a 36.3 (1.1)ab 27.5 (1.5)a 34.5 (2.1)a 31.3 (2.6)a 22.2 (1.5)a 
40 2.31 (0.27)b 38.3 (2.9)b 28.1 (2.1)a 35.6 (1.2)a 29.7 (2.1)a 20.8 (1.6)a 
45 – – – – – –
Megalopa 
15 – – – – – –
20 3.11 (0.29)a – – – – –
25 3.74 (0.17)b – – – – –
30 3.77 (0.14)b – – – – –
35 3.67 (0.20)b – – – – –
40 3.49 (0.16)b – – – – –
45 – – – – – –
Number of samples was five for each group, except for the 15 psu group of the third zoeal stage, in which only three larvae could be measured 
for the ratio of carapace length (%) for the exopod of 2nd maxilliped and 3rd pleopod and the number of setae. Values in parentheses are 
standard deviations.
No larvae survived to the second zoeal stage (Zoea II) in the 10 psu group. 





Table 4  Mean number of prey (Artemia nauplii) consumed by horsehair crab Erimacrus isenbeckii larvae reared at seven salinity levels 
Stage Salinity (psu) 15 20 25 30 35 40 45 
Zoea I 3.6 (2.6)ab 5.4 (3.0)a 5.2 (1.9)a 5.6 (1.5)a 3.2 (4.1)ab 1.2 (0.4)ab 0.4 (0.5)b 
Zoea II - 7.6 (5.9)ad 16.2 (3.3)bc 15.6 (1.5)bc 13.0 (4.8)ac 11.4 (2.7)ac 3.8 (2.2)d 
Zoea III 5.7 (3.2)a 12.2 (4.9)a 9.6 (2.6)a 12.6 (7.2)a 8.4 (2.1)a 9.6 (2.6)a - 
 Values in parentheses are standard deviations. 





Figure 1  Changes in number of each larval stage of the horsehair crab Erimacrus 
isenbeckii reared in 2-L beakers 1 and 2 for each salinity level, each initially 



















Effects of n-3 highly unsaturated fatty acid content in Artemia  
on survival and development of laboratory-reared  






The horsehair crab Erimacrus isenbeckii is distributed widely throughout the North 
Pacific, near Japan, mainly along the Hokkaido coast (Abe, 1992; Sasaki, 2003). The 
stock of this species, which is an important fishery resource because of its high 
commercial value and its tastiness, has been declining significantly for several 
decades (Abe, 1992; Sasaki, 2003). These circumstances have spurred efforts to 
preserve and manage them as a resource for sustainable utilization. Stock 
enhancement through the release of artificially produced juveniles into the natural 
habitat is an attractive option for horsehair crab stock management. Nevertheless, the 
technical skill required for the mass seed production of this species has not yet been 
established. Several studies have been conducted to investigate larval culture 
technologies of the horsehair crab larvae. Jinbo et al. (2005, 2007, 2012) conducted 
larval rearing experiments on horsehair crab and reported suitable environmental 
conditions, such as prey density (Jinbo et al., 2005), water temperature (Jinbo et al., 
2007), and salinity (Jinbo et al., 2012). Even although larval mass cultures to produce 
horsehair crab juveniles were conducted under these appropriate environmental 
conditions, mass mortality occasionally occurred from the zoeal to megalopal stages 
(Jinbo, 2001). Moreover, the causes of larval mass mortality remain unknown.  
It has been documented that n-3 highly unsaturated fatty acids (n-3 HUFA) are 
necessary for the growth and survival of crustacean larvae (Jones et al., 1979; 
Hamasaki et al., 1998; Takeuchi et al., 1998a, 1999, 2000; Sulkin & Mckeen, 1999; 
Anger, 2001; Suprayudi et al., 2002, 2004a, 2004b; Kogane et al., 2007, 2009; Sui et 
al., 2007). Artemia are used as live food for horsehair crab larvae (Jinbo et al., 2005, 
2007, 2012), but they have low n-3 HUFA contents, particularly of docosahexaenoic 
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(DHA) and eicosapentaenoic (EPA) acids (Watanabe et al., 1978). The benefits of 
dietary enrichment of Artemia fed on crustacean larvae have been demonstrated. In 
swimming crab Portunus trituberculatus and mud crab Scylla paramamosain larvae, 
dietary EPA was effective at maintaining the survival rate; DHA accelerated the 
developmental period and improved carapace growth (Takeuchi et al., 1998b; 
Kobayashi et al., 2000, 2002). Ichikawa et al. (2013) examined the effects of feeding 
Artemia enriched with n-3 HUFA and adding diatoms (Thalassiosira sp.) to rearing 
water on the survival and developmental period of zoeae of the horsehair crab. Their 
results demonstrated that larval survival and developmental period were significantly 
influenced by the diatom supplementation, not the n-3 HUFA enrichment. However, 
in their rearing experiments, the feeding density of Artemia (0.3–0.5 ind. / ml) was 
lower than the optimal density (4 ind. / ml) for rearing horsehair crabs (Jinbo et al., 
2005). Therefore, to clarify the demand of horsehair crab larvae for n-3 HUFA under 
appropriate feeding conditions, this study was conducted to examine the survival, 
developmental period, growth, and morphogenesis of horsehair crab larvae fed on 




MATERIALS AND METHODS 
 
Broodstock and larvae 
Five berried female crabs were collected from the northern Pacific off Kushiro, 
Hokkaido, Japan during January–March 2004. They were transferred to the Akkeshi 
Station of the Hokkaido National Fisheries Research Institute, Fisheries Research 
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Agency, Hokkaido, Japan, and individually held in five 30 l polycarbonate tanks. 
Sand-filtered seawater was supplied to the tank with a flow-through water system. 
The mean water temperature was 1.0 ± 1.0°C (mean ± SD) during the culture period. 
Larvae hatched from one female (78.0 mm carapace length) on March 31, 2004 were 
used in the larval culture experiment.  
 
Experimental design and preparation of Artemia as a diet for culturing larvae 
Artemia sp. (North American Strain; The Nisshin OilliO Group Ltd., Yokohama, 
Japan) was used as a prey organism. Artemia cysts were incubated in a 13 l bucket 
with sand-filtered seawater (26°C) for 24 h. After hatching, Artemia nauplii were 
stocked in 13 l buckets (22°C) at a density of 100 ind. / ml and reared for 18–23 h 
according to the experimental design (see below). 
Seven treatment groups were prepared for Artemia enrichment (Table 1). In 
treatment 1 (T1), Artemia were not enriched. In other treatments, Artemia were 
enriched with the following materials: treatment 2 (T2), a commercially available 
condensed phytoplankton Nannochloropsis sp. (Marine α, Marine Tech Co., Aichi, 
Japan) at a level of 2 ml / l; treatment 3 (T3), ethyl oleate (EO; Wako Pure Chemical 
Industries Ltd., Osaka, Japan) at a level of 100 μl / l; treatments 4 and 5 (T4, T5), 
EPA28G oil (containing 28.7% EPA and 12.7% DHA; Nippon Kagaku Shiryo Co., 
Ltd., Hakodate, Japan) at the two levels of 35 μl / l (T4) and 100 μl / l (T5); and 
treatments 6 and 7 (T6, T7), DHA70G oil (containing 4.6% EPA and 70.9% DHA; 
Nippon Kagaku Shiryo Co., Ltd., Hakodate, Japan) at the two levels of 25 μl / l (T6) 
and 75 μl / l (T7). In groups T4, T6, and T7, the total amount of oil used for Artemia 
enrichment was adjusted to 100 μl / l by adding EO (Table 1). In the groups T4 and 
T5 as well as T6 and T7, the calculated DHA/EPA ratios were, respectively, 0.4 and 
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15.4. In groups T3–T7, 500 μl of oil with 100 μl of raw hen egg yolk and 100 ml of 
distilled water were emulsified for 5 min. The resulting mixture was then added 
directly to the Artemia culture medium.  
 
Larval rearing and biological measurements 
Newly hatched first-stage zoeae (Z1) were introduced into 2-l polyethylene white 
beakers placed in shallow water baths. The stocking density of Z1 was 50 ind. / 
beaker. Three beakers were prepared in each treatment group, in which two beakers 
were used to determine the survival rate (the ratio of the number of larvae that had 
molted to the next stage to the initial number of larvae) and the mean number of days 
from hatching to reach each larval stage. One beaker was used to measure larval 
growth and morphogenesis in each stage. Seawater (31.2%) filtered through sand and 
50–5 μm cartridge filters (Advantec Toyo Kaisha Ltd., Tokyo, Japan) were used to 
rear larvae. The water temperature of the shallow water baths was increased gradually 
from 2 to 7°C from the first to the second day of Z1; then it was maintained at the 
optimum temperature for culturing horsehair crab larvae (12.3 ± 0.3°C) (Jinbo et al., 
2007) using heaters connected to thermostats. Slight aeration (70 ml / min) was 
employed in each beaker to provide oxygen saturation and to prevent the Artemia 
from settling. The photoperiod was regulated at 12 h from 0700 to 1900 hours using 
two fluorescent lights (40 W) that were held 1 m above the surfaces of the rearing 
beakers. The intensity of surface illumination was 600–700 lx. The larvae were fed 
Artemia prepared for each treatment group at the optimal density of 4 ind. / ml (Jinbo 
et al., 2005) for feeding horsehair crab larvae.  
The larvae were observed daily and transferred into new beakers with new culture 
media using a large-mouthed (8 mm) pipette (10 ml) in the morning. During the 
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larval transfer, the larvae were counted and their respective developmental stages 
were noted. Dead larvae were removed and observed for their respective stages. 
When a newly metamorphosed megalopa (MG) was observed, fifthstage zoea (Z5), 
newly metamorphosed MG, and older-aged MG were temporarily placed in separate 
beakers to reduce cannibalism. After the larvae had been transferred, ampicillin 
sodium (Sigma-Aldrich Japan K.K., Tokyo, Japan) was added to the rearing water at 
a concentration of 10 mg / l to prevent bacterial proliferation. Larval rearing was 
terminated when all larvae had molted to the first-stage crab (C1).  
In each treatment group, five larvae were sampled from one rearing beaker at each 
stage until MG. The larvae were fixed with 5% neutral formalin for 1 day and then 
preserved in 70% ethanol solution. The lengths of the carapace and appendages 
(exopod of second maxilliped, chela, cheliped and third pleopod) were measured, and 
the setae of the exopod of the second maxilliped were counted under a microscope. 
Chela and cheliped lengths were measured for Z4 and Z5. Only the carapace length 
was measured for MG. The percentage ratio of each measurement to the carapace 
length (relative length) was calculated, as in our previous studies (Jinbo et al., 2005, 
2007, 2012). 
 
Lipid and fatty acid analysis 
Artemia were sampled from each treatment group once every 5 days to analyze their 
total lipid contents and fatty acid compositions. They were washed with fresh water 
and then stored at –80°C until analysis (n = 2 for each treatment group). Total lipid 
contents were determined using the chloroform–methanol (2:1, v / v) method 
according to Folch et al. (1957). To analyze the fatty acid compositions, the total 
lipids were saponified with 1 ml of 50% KOH in 15 ml of ethanol. The saponifiable 
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matter was then esterified with BF3–methanol. The fatty acid methyl esters were 
diluted in n-hexane and subsequently analyzed with a gas–liquid chromatograph (GC-
17A; Shimadzu Corp., Kyoto, Japan) equipped with a silica capillary column (30 m × 
0.25 mm × 0.25 μm film thickness; Supelco, Bellefonte, PA, USA). Helium was used 
as the carrier gas, with pressure adjusted to 80 kPa. The injection port and detector 
temperature were, respectively, 250 and 270°C. The column temperature was initially 
held at 175°C and then increased at a rate of 1°C / min to a final temperature of 
225°C. The individual fatty acids were identified by comparison with commercial 
standards (Supelco 37 Component FAME Mix; Supelco) and quantified with a C-R8A 
Chromatopac data processor (Shimadzu Corp.). 
 
Statistical analysis 
Differences in the mean values for the total lipid contents and fatty acid compositions 
of Artemia, larval survival rates, number of days required to reach each larval stage, 
and larval growth and morphogenesis measurements were compared among treatment 
groups with Tukey–Kramer’s multiple range test at the 5% significance level. 
Arcsinetransformed data of the total lipid contents and fatty acid compositions of 
Artemia, survival rates, and the relative ratio of each appendage length to carapace 









Lipid contents and fatty acid profiles of Artemia 
Total lipid contents and fatty acid compositions of the T1–T7 Artemia are presented 
in Table 2. Lipid contents of the Artemia did not differ significantly among groups. 
No significant difference was found in the fatty acid profiles of the T1–T3 Artemia 
except for myristic acid (14:0). However, the concentrations of EPA (20:5n-3) and n-
3 HUFA tended to be higher in the T2 Artemia enriched with Nannochloropsis, 
followed by T1 Artemia without enrichment, and T3 Artemia enriched with EO. In 
the T4–T7 Artemia enriched with EPA28G and DHA70G oil, the concentrations of n-
3 HUFA were significantly higher than in the T1 and T3 Artemia. The T4–T7 Artemia 
showed fatty acid profiles that depended on the enrichment materials and their 
amounts. The proportions of n-3 HUFA in the T4 and T6 Artemia, and those in the T5 
and T7 Artemia, were similar, but those of the latter groups were higher than those of 
the former groups. The DHA / EPA ratios tended to increase from T4 to T7 Artemia. 
 
Survival, developmental period, growth, and morphogenesis of larvae 
The mean survival rates for the respective larval stages are shown in Table 3. 
Although no significant difference was found in the survival rates among the 
treatment groups, larvae fed the T3 Artemia tended to show higher mortality (19%) 
during the metamorphosis to MG by Z5 (Figs. 1, 2a), and showed significantly higher 
mortalities than the other treatment groups during molting to C1 by MG (Figs. 1, 2b, 
P ˂ 0.05). 
The mean numbers of days from hatching to each larval stage are presented in Table 
4. Larvae fed with the T5 Artemia tended to show a higher velocity of development to 
reach Z5 and MG. In addition, the mean number of days needed to reach C1 was 
significantly less for the T5 group than for the T3 group. 
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The mean values for carapace length, several appendage lengths as ratios of 
carapace length, and the number of setae on the exopod of the second maxilliped are 
shown in Table 5. No significant difference was found for them among treatment 
groups. 
The vitality of megalopae appeared to differ between the T1–T3 and the T4–T7 





The amount of n-3 HUFA in live prey is known to affect the survival rates of larvae 
of several crustacean species. Larvae fed prey organisms with lower n-3 HUFA 
contents showed lower survival rates in four cancrid Cancer species (Sulkin & 
Mckeen, 1999), swimming crab (Hamasaki et al., 1998; Takeuchi et al., 1998a, 
1999), the mud crabs Scylla paramamosain (Takeuchi et al., 2000) and S. serrata 
(Suprayudi et al., 2002, 2004a, 2004b), snow crab Chionoecetes opilio (Kogane et 
al., 2007, 2009), and Chinese mitten crab Eriocheir sinensis (Sui et al., 2007). In this 
study, fatty acid profiles of Artemia also were influenced by the enrichment 
treatments. We prepared Artemia containing DHA (T4–T7) or no DHA (T1–T3). 
Although the enrichment treatments of Artemia did not affect the larval survival rates 
significantly, the megalopae mortality was significantly higher when larvae were fed 
EO-enriched Artemia (T3) with the lowest n-3 HUFA content. However, larvae fed 
unenriched Artemia (T1) showed a mean survival rate of C1 (67%), which was 
similar to those found in our previous studies conducted under suitable environmental 
conditions (69–82%) (Jinbo et al., 2005, 2007, 2012). The n-3 HUFA content in T1 
172 
 
Artemia, which was calculated as approximately 0.6 % by multiplying the total lipid 
content by the area percent of n-3 HUFA in the fatty acid composition, might be 
regarded as a minimum level needed to sustain the high survival rate of the horsehair 
crab larvae until C1. The n-3 HUFA content of Artemia in the rearing experiments of 
horsehair crab larvae performed by Ichikawa et al. (2013) was reported as 1.0–2.5%, 
satisfying the minimum level of dietary n-3 HUFA requirement of the horsehair crab 
larvae inferred in the present study. This suggests that the low survival rates to MG 
(3–8%) in the treatment groups in which Thalassiosira sp. were not supplemented in 
their experiments can be attributed to lower feeding densities of Artemia (0.3–0.5 
ind. / ml) than the optimal density (4 ind. / ml) (Jinbo et al., 2005) for rearing 
horsehair crabs. Furthermore, higher n-3 HUFA contents (3.1%) of Thalassiosira sp. 
may have contributed to the high survival rates until MG (45–65%) in the treatment 
groups with supplementation of Thalassiosira sp. The level of dietary n-3 HUFA 
required by horsehair crab larvae for survival is lower than that required by 
swimming crab (0.9–1.7%) (Takeuchi et al., 1999), mud crab (0.8%) (Suprayudi et 
al., 2002), snow crab (2.3%) (Kogane et al., 2009), and Chinese mitten crab (1.7–
1.8%) larvae (Sui et al., 2007). Furthermore, our results suggest that DHA did not 
play an important role in aiding the survival of horsehair crab larvae, as has also been 
found for mud crab larvae (Kobayashi et al., 2000, 2001; Takeuchi et al., 2000). In 
addition, EPA is known to be superior to DHA for maintaining high survival rates of 
swimming crab larvae (Takeuchi et al., 1998b). 
The rate of development of brachyuran larvae is influenced by the level of dietary n-
3 HUFA. Mud crab larvae fed Artemia containing low (0.41–0.45% EPA and trace 
DHA) or high (1.36 and 0.95% EPA and 0.16 and 1.38% DHA) amounts of EPA and 
DHA showed delayed development (Suprayudi et al., 2004b). In swimming crabs, a 
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high content of DHA in Artemia engendered rapid development of larvae (Takeuchi et 
al., 1998b). Furthermore, in snow crabs, high dietary n-3 HUFA in the rotifer 
Brachionus plicatilis sp. complex induced rapid development of larvae (Kogane et 
al., 2009). Fatty acid profiles of the Artemia affected the larval development rate of 
the horsehair crab larvae, showing a higher velocity of development to reach Z5 and 
MG in the T5 group and a significantly greater number of days from hatching to C1 
in the T3 group than in the T5 group, which suggests that the high content of EPA in 
Artemia accelerates the larval development of horsehair crab larvae, but that DHA 
does not affect it. Consequently, the effects of DHA content in Artemia on the larval 
developmental velocity of the horsehair crab differed from those of portunid crabs. 
In swimming crabs, a high content of DHA in Artemia reportedly promotes carapace 
length development of the first-stage crab (Takeuchi et al., 1998b). Although the 
growth of larval mud crabs is improved by feeding them live foods with high contents 
of n-3 HUFA (Kobayashi et al., 2000, 2001; Takeuchi et al., 2000; Suprayudi et al., 
2004a, 2004b), the higher dietary n-3 HUFA (especially DHA) accelerated the 
morphogenesis of last-stage zoeae with large chelipeds, similarly to megalopae, 
which led to mass mortality because these last-stage zoeae failed to metamorphose to 
MG (Hamasaki et al., 2002a, 2002b; Dan & Hamasaki, 2011). No such phenomenon 
occurred in horsehair crabs. The enrichment treatment for Artemia did not affect the 
larval growth or morphogenesis, so similar measurements to those we have reported 
previously were obtained (Jinbo et al., 2005, 2007, 2012). 
In conclusion, although the amount of n-3 HUFA in an unenriched North American 
strain of Artemia might meet the demands of horsehair crab larvae for their survival, 
growth, and morphogenesis, it is recommended that the Artemia should be enriched 
according to the fatty acid profile in the treatment T5, as it improves the larval 
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development rate. Furthermore, DHA in enriched Artemia could stimulate the vitality 
of megalopae, as observed in this study, which may keep the larvae from sinking to 
the bottom of a mass seed production tank, where they could be infected with 
pathogenic bacteria that propagate in the organic debris originating from dead larvae, 
food organisms, and their feces (Hamasaki et al., 2011). This may improve the larval 
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Table 1  Protocol for lipid enrichment of the Artemia used in the larval rearing experiment of the horsehair crab Erimacrus isenbeckii 
Treatment 
group 
Concentration of enrichment material in the  
Artemia sp. culture tank (μl/l) Calculated amount of EPA and DHA (μl/l) Calculated DHA/EPA ratio in enrichment 
material EPA28Ga DHA70Gb Ethyl oleate Marine αc EPA DHA EPA + DHA 
T1 0 0 0 0 0 0 0 – 
T2 0 0 0 2000 0 0 0 – 
T3 0 0 100 0 0 0 0 – 
T4 35 0 65 0 10 4.4 14.4 0.4 
T5 100 0 0 0 28.7 12.7 41.4 0.4 
T6 0 25 75 0 1.2 17.7 18.9 15.4 
T7 0 75 25 0 3.5 53.2 58.7 15.4 
a EPA28G oil contains 28.7% eicosapentaenoic acid (EPA) and 12.7% docosahexaenoic acid (DHA) (Nippon Kagaku Shiryo Co., Ltd., 
Hakodate, Japan)
b DHA70G oil contains 4.6% EPA and 70.9% DHA (Nippon Kagaku Shiryo Co., Ltd., Hakodate, Japan) 





Table 2  Mean values of total lipid content and fatty acid composition of Artemia fed to each treatment group (n=2) 
Analyzed items Treatment group T1  T2 T3 T4 T5 T6 T7 
Total lipid (%, dw) 18.35 ± 0.85  19.04 ± 0.07 20.74 ± 1.18 20.84 ± 0.31 22.07 ± 0.49 21.69 ± 1.23 21.33 ± 0.81 
Fatty acid (area %)                
12:0 0.35 ± 0.09  0.30 ± 0.10 0.23 ± 0.00 0.19 ± 0.09 0.05 ± 0.05 0.09 ± 0.01 0.08 ± 0.01 
14:0 1.32 ± 0.27a  6.45 ± 0.05a 0.32 ± 0.01b 0.28 ± 0.04b 0.26 ± 0.02b 0.24 ± 0.00b 0.23 ± 0.00b 
16:0 0.43 ± 0.05  0.38 ± 0.10 0.40 ± 0.06 0.34 ± 0.03 0.36 ± 0.02 0.30 ± 0.01 0.32 ± 0.00 
16:1 6.61 ± 0.67  7.67 ± 0.09 6.55 ± 0.63 5.99 ± 0.28 6.43 ± 0.34 6.47 ± 0.08 6.35 ± 0.03 
16:3n-6 2.60 ± 0.45  3.06 ± 0.17 2.70 ± 0.24 2.47 ± 0.19 2.48 ± 0.06 2.23 ± 0.05 2.28 ± 0.01 
18:0 3.36 ± 0.22  3.25 ± 0.05 3.12 ± 0.16 3.20 ± 0.14 3.34 ± 0.05 3.49 ± 0.02 3.56 ± 0.02 
18:01 31.87 ± 1.46ab  29.77 ± 0.80a 36.25 ± 2.13ab 36.42 ± 2.66ab 31.18 ± 0.47a 39.45 ± 0.85b 34.68 ± 0.22ab 
18:2n-6 4.06 ± 0.15ab  3.84 ± 0.04a 4.20 ± 0.05ab 4.20 ± 0.09ab 4.03 ± 0.08ab 4.33 ± 0.02b 4.16 ± 0.05ab 
18:3n-3 18.99 ± 0.49  17.63 ± 0.18 17.06 ± 0.02 16.85 ± 1.05 16.44 ± 0.58 16.41 ± 0.43 17.21 ± 0.33 
18:4n-3 3.94 ± 0.07a  3.87 ± 0.14a 3.59 ± 0.02a 3.48 ± 0.55a 3.42 ± 0.05a 2.84 ± 0.09a 2.99 ± 0.08a 
20:01 0.44 ± 0.07ab  0.37 ± 0.00a 0.38 ± 0.06a 0.52 ± 0.09ab 0.61 ± 0.08ab 0.70 ± 0.01ab 0.72 ± 0.01b 
20:4n-6 0.89 ± 0.12ab  0.95 ± 0.02ab 0.77 ± 0.09a 0.89 ± 0.02ab 1.06 ± 0.01ab 0.99 ± 0.00ab 1.23 ± 0.02b 
20:3n-3 0.12 ± 0.03  0.09 ± 0.01 0.10 ± 0.02 0.12 ± 0.00 0.14 ± 0.01 0.14 ± 0.00 0.15 ± 0.01 
20:4n-3 0.23 ± 0.05a  0.18 ± 0.01a 0.20 ± 0.03a 0.27 ± 0.01ab 0.38 ± 0.01b 0.23 ± 0.01ab 0.26 ± 0.01ab 
20:5n-3 2.93 ± 0.35a  3.34 ± 0.20ab 2.48 ± 0.25a 4.13 ± 0.05b 6.90 ± 0.38c 3.01 ± 0.01ab 3.61 ± 0.04b 
22:6n-3 –   –  –  0.51 ± 0.10a 1.45 ± 0.13ab 1.66 ± 0.27b 4.24 ± 0.48c 
Σ saturated 5.46 ± 0.19a  10.38 ± 0.10a 4.07 ± 0.10b 4.01 ± 0.03b 4.01 ± 0.06b 4.13 ± 0.04b 4.19 ± 0.01b 
Σ monoene 38.91 ± 0.87a  37.82 ± 0.72a 43.18 ± 1.57ab 42.94 ± 2.48ab 38.22 ± 0.20a 46.62 ± 0.76b 41.75 ± 0.20a 
Σ n-3 HUFA 3.28 ± 0.43a  3.61 ± 0.21ab 2.78 ± 0.30a 5.03 ± 0.16bc 8.86 ± 0.50d 5.04 ± 0.27bc 8.25 ± 0.50d 
Σ n-6 7.54 ± 0.17  7.85 ± 0.15 7.67 ± 0.10 7.56 ± 0.07 7.58 ± 0.03 7.55 ± 0.08 7.68 ± 0.02 
Σ n-3 26.21 ± 0.85abc  25.1 ± 0.54abc 23.43 ± 0.26a 25.36 ± 1.44abc 28.72 ± 0.12bc 24.29 ± 0.24a 28.44 ± 0.09c 
DHA / EPA –   –  –  0.12 ± 0.02a 0.21 ± 0.01a 0.55 ± 0.09a 1.17 ± 0.12b 





Table 3  Mean survival rates of horsehair crab Erimacrus isenbeckii larvae reared to each larval stage in two 2-l beakers (50 per beaker) in 
the treatment groups 
Treatment Mean survival rate (%) to each stage 
group Z2a Z3a Z4a Z5a MGb  C1c 
T1 96.0 (0.0) 96.0 (0.0) 96.0 (0.0) 94.0 (2.0) 83.0 (3.0) 67.0 (3.0) 
T2 97.0 (1.0) 96.0 (2.0) 96.0 (2.0) 94.0 (2.0) 87.0 (3.0) 71.0 (1.0) 
T3 100.0 (0.0) 100.0 (0.0) 100.0 (0.0) 99.0 (1.0) 80.0 (14.0) 49.0 (9.0) 
T4 99.0 (1.0) 97.0 (1.0) 97.0 (1.0) 96.0 (0.0) 82.0 (4.0) 73.0 (7.0) 
T5 99.0 (1.0) 97.0 (3.0) 96.0 (2.0) 96.0 (2.0) 83.0 (3.0) 75.0 (1.0) 
T6 97.0 (1.0) 97.0 (1.0) 96.0 (2.0) 95.0 (1.0) 77.0 (3.0) 68.0 (2.0) 
T7 98.0 (0.0) 98.0 (0.0) 97.0 (1.0) 97.0 (1.0) 79.0 (5.0) 66.0 (6.0) 
Values in parentheses are standard error of the mean. No significant difference was found among the rearing groups (P > 0.05) 
a Second to fifth zoea 
b Megalopa  






Table 4  Mean number of days taken from hatching to reach each larval stage in horsehair crab Erimacrus isenbeckii larvae reared in two 2-l beakers (50 per beaker) in treatment groups 
Treatment 
group 
Mean number of days to reach each stage 
Z2a  Z3a Z4a Z5a MGb  C1c 
Mean  CVd   Mean CV  Mean  CV Mean CV Mean CV Mean CV 
T1 5.5 (0.0)a 9.0 (0.1)  10.0 (0.0) 0.7 (0.7) 14.7 (0.1) 3.7 (0.2) 20.4 (0.1)ab 3.7 (0.1) 28.0 (0.3)ab 2.8 (0.2) 52.5 (0.1)ab 7.3 (1.1) 
T2 5.5 (0.1)ab 9.1 (0.0)  10.0 (0.0) 0.7 (0.7) 14.9 (0.0) 3.3 (0.1) 20.5 (0.1)ab 3.0 (0.2) 28.3 (0.0)a 2.8 (0.2) 52.5 (0.6)ab 5.2 (1.3) 
T3 5.2 (0.1)ab 8.1 (0.4)  10.1 (0.0) 2.2 (0.2) 14.9 (0.1) 3.3 (0.1) 20.6 (0.1)a 3.9 (0.4) 28.2 (0.0)a 3.0 (0.1) 54.2 (0.4)a 7.3 (0.6) 
T4 5.3 (0.1)ab 8.1 (1.0)  10.1 (0.1) 1.6 (1.6) 14.8 (0.1) 4.2 (0.3) 20.6 (0.1)ab 4.0 (0.6) 28.3 (0.2)a 3.3 (0.2) 52.5 (0.2)ab 4.0 (0.1) 
T5 5.1 (0.0)b 6.4 (1.0)  10.0 (0.0) 3.4 (0.3) 14.5 (0.2) 4.3 (1.2) 20.1 (0.0)b 4.5 (0.6) 27.4 (0.0)b 3.2 (0.3) 50.7 (0.6)b 4.0 (0.6) 
T6 5.2 (0.1)b 6.9 (0.9)  10.1 (0.0) 2.1 (0.7) 15.1 (0.0) 3.9 (0.0) 20.8 (0.1)a 3.9 (0.5) 28.4 (0.0)a 3.1 (0.2) 52.2 (0.2)ab 3.6 (0.4) 
T7 5.3 (0.1)ab 8.2 (0.8)  10.1 (0.1) 1.8 (1.8) 15.0 (0.1) 5.0 (0.2) 20.8 (0.1)ab 4.3 (0.5) 28.3 (0.2)a 3.3 (0.3) 52.6 (0.3)ab 4.3 (0.4) 
Mean values were calculated using the mean number of days taken from hatching to reach each larval stage in both beaker 1 and beaker 2 (n=2). Different letters in the same column indicate significant differences 
between treatment groups (P < 0.05). Values in parentheses are standard errors of the mean 
a Second to fifth zoea 
b Megalopa 
c First-stage crab 





Table 5  Mean values of carapace length, lengths of several appendages as ratios of carapace length, and number of setae on the exopod of the second 
maxilliped in horsehair crab Erimacrus isenbeckii larvae reared in the treatment groups (n=5) 




Ratio to carapace length (%) Number of 
setae Exopod of 2nd maxilliped Chela Cheliped Third pleopod 
Z1a – 1.32 (0.01) 43.8 (0.3) – – 2.2 (0.1) 4.0 (0.0) 
Z2a 
T1 1.62 (0.01) 40.9 (0.5) – – 6.4 (0.2) 12.0 (0.0) 
T2 1.61 (0.02) 42.1 (0.4) – – 6.1 (0.1) 12.0 (0.0) 
T3 1.61 (0.03) 40.5 (0.5) – – 6.2 (0.4) 12.2 (0.2) 
T4 1.60 (0.02) 41.8 (0.6) – – 6.4 (0.2) 12.4 (0.4) 
T5 1.60 (0.03) 41.3 (0.8) – – 6.2 (0.3) 12.2 (0.2) 
T6 1.60 (0.02) 41.3 (0.5) – – 5.9 (0.2) 12.2 (0.2) 
T7 1.61 (0.03) 41.3 (0.9) – – 6.3 (0.1) 12.4 (0.2) 
Z3a 
T1 1.88 (0.01) 40.3 (0.5) – – 11.8 (0.3) 14.6 (0.5) 
T2 1.85 (0.01) 41.4 (0.6) – – 12.2 (0.2) 14.4 (0.2) 
T3 1.87 (0.01) 40.7 (0.1) – – 12.0 (0.4) 15.0 (0.3) 
T4 1.83 (0.02) 42.1 (0.5) – – 11.8 (0.3) 15.2 (0.5) 
T5 1.82 (0.01) 41.7 (0.3) – – 11.4 (0.5) 15.0 (0.0) 
T6 1.85 (0.02) 41.1 (0.6) – – 12.8 (0.2) 15.0 (0.3) 
T7 1.85 (0.01) 40.9 (0.2) – – 12.0 (0.3) 15.0 (0.3) 
Z4a T1 2.30 (0.02) 37.7 (0.4) 22.1 (0.1) 27.4 (0.2) 21.3 (0.5) 18.4 (0.2) T2 2.23 (0.02) 38.6 (0.1) 22.1 (0.5) 28.1 (0.3) 22.2 (0.4) 18.2 (0.4) 
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T3 2.27 (0.02) 38.4 (0.7) 22.6 (0.5) 27.4 (0.7) 23.0 (0.7) 18.6 (0.4) 
T4 2.29 (0.05) 38.3 (0.6) 21.8 (0.7) 26.8 (0.6) 21.7 (0.7) 18.2 (0.3) 
T5 2.25 (0.01) 38.0 (0.4) 22.4 (0.5) 27.6 (0.5) 21.2 (0.4) 18.8 (0.3) 
T6 2.30 (0.04) 38.1 (0.5) 22.0 (0.5) 27.1 (0.5) 22.4 (0.7) 19.0 (0.4) 
T7 2.29 (0.02) 38.7 (0.6) 22.0 (0.3) 27.4 (0.2) 20.8 (0.5) 19.0 (0.3) 
Z5a 
T1 2.72 (0.03) 35.5 (0.6) 27.7 (1.3) 34.9 (1.1) 29.5 (0.6) 21.4 (0.4) 
T2 2.71 (0.04) 37.7 (0.5) 27.8 (0.3) 35.9 (0.4) 31.2 (0.7) 20.6 (0.5) 
T3 2.64 (0.04) 37.3 (0.5) 29.6 (0.6) 37.2 (0.9) 30.7 (0.7) 20.8 (0.7) 
T4 2.66 (0.02) 37.4 (0.6) 27.2 (0.7) 34.7 (0.8) 30.5 (0.9) 21.2 (0.5) 
T5 2.61 (0.05) 37.0 (0.8) 26.9 (0.6) 35.0 (0.6) 30.5 (0.7) 21.4 (0.4) 
T6 2.72 (0.03) 35.7 (0.3) 27.2 (0.5) 34.3 (0.6) 29.0 (0.9) 21.6 (0.2) 
T7 2.69 (0.05) 36.6 (0.8) 26.5 (0.9) 34.7 (1.1) 30.1 (0.5) 21.6 (0.2) 
MGb 
T1 3.91 (0.04) – – – – – 
T2 3.91 (0.07) – – – – – 
T3 3.86 (0.04) – – – – – 
T4 3.94 (0.03) – – – – – 
T5 3.79 (0.07) – – – – – 
T6 3.82 (0.07) – – – – – 
T7 3.92 (0.06) – – – – – 
The number of samples was five for each group. Values in parentheses are standard error of the mean. No significant difference was found among the 
treatment groups (P > 0.05) 




Figure 1  Number of each larval stage of horsehair crab Erimacrus isenbeckii reared 
in two 2-l beakers for each treatment group, each of which initially contained 50 




Figure 2  Mean survival rates from the ﬁfth zoeal stage to the megalopal stage (a) 
and from the megalopal stage to the ﬁrst crab stage (b) of horsehair crab Erimacrus 
isenbeckii reared in two 2-l beakers for each treatment group (n = 2). Vertical bars 
indicate the standard error of the mean. Signiﬁcant differences were found between 









第 4 章 
 
 














走光性の成長に伴う変化を調査した（第 3 章 1 節）。ケガニについては，種苗生
産技術の開発に資するための基礎的な知見として，幼生の適正な飼育条件，す
なわち給餌密度，飼育水温，飼育塩分，並びに餌料栄養価を明らかにする飼育















を受けなかった。また，頭胸甲長が 55 mm 以下の雄とペアリングした雌の産卵
率が低い傾向を示したことから，小型雄は繁殖に不利であると考えられた。  
第 2 章第 2 節 イセエビの雄親エビにおける繁殖能力の評価  
雄親エビにおける体サイズが繁殖能力に与える影響について調査した。大，





第 3 章第 1 節 イセエビフィロソーマ幼生の成長に伴う走光性の変化  
イセエビの種苗生産において，フィロソーマ幼生の水槽底への沈降・蝟集に
よる死亡を防ぐ技術を開発する基礎として，光量別（0–310 μmol m−2 s−1）と波
長別（400–660 nm）に幼生の成長に伴う走光性の変化を調べた。幼生は強い光
量では正の走光性を，弱い光量では負の走光性を示した。また，正の走光性を
惹起する波長は初期幼生では 400–620 nm で広かったが，中期以降には 500 nm
未満の短波長側に変化した。加えて，VI 期幼生は 420–620 nm の広い波長で負
の走光性を示すのが特徴的であった。  
第 3 章第 2 節 ケガニ幼生の生残・発育及び摂餌に及ぼすアルテミア給餌密度
の影響  
アルテミアの給餌密度（0，0.25，0.5，1，2，4 個体 / mL）がケガニ幼生の生
残，各齢期へ脱皮するまでの所要日数，成長および摂餌量に及ぼす影響を調べ
た。生残率およびメガロパの甲長は，2–4 個体 / mL が 0–0.5 個体 / mL に対し




し，2 個体  / mL 以上で飽食する傾向を示した。以上の結果から，アルテミアの
適正給餌密度は 2 個体 / mL 程度であると考えられた。  
第 3 章第 3 節 ケガニ幼生の生残，発育および摂餌に及ぼす水温の影響  
ケガニ幼生の適正飼育水温を明らかにする目的で，ふ化幼生を 2 L ビーカー
に収容し，水温 6–21℃（3℃間隔）で飼育した。生残率は 6–15℃で高値を示し，
21℃では第 3 齢から第 4 齢にかけて，18℃ではメガロパへの変態期から第 1 齢
稚ガニにかけて大量に減耗した。各齢期までの所要日数は 15℃まで水温の上昇
にともない減少し，第 1 齢稚ガニまでの所要日数の変動係数は 15℃以上で大き
かった。また，頭胸甲長は水温が低いほど大きく，摂餌数は 9–15℃で多かった。
以上のことから，適正飼育水温は 9–12℃と結論付けた。  
第 3 章第 4 節 ケガニ幼生の生残，発育および摂餌に及ぼす塩分の影響  
ケガニ幼生の飼育に適した塩分を明らかにする目的で，ふ化幼生を塩分 10–
45 psu で飼育した。生残率は 30–35 psu で高値を示し，10 psu および 15，45 psu
では第 1 および 4 齢で全滅し，20 psu ではメガロパへの変態期で大量に減耗し
た。各齢期までの所要日数は 25 psu で最小を示したが，第 1 齢稚ガニまでの所
要日数の変動係数は 25 psu で高かった。頭胸甲長は 40 psu で小さく，摂餌数は
25–35 psu で多かった。以上の結果から，適正塩分は 30–35 psu と結論付けた。 
第 3 章第 5 節 ケガニ幼生の生残および発育に及ぼす n–3 高度不飽和脂肪酸の
影響  
ケガニ幼生を，各種の栄養強化剤（無強化，ナンノクロロプシス，オレイン酸，
高・低濃度の EPA および DHA）で強化したアルテミアを餌料として飼育した。
生残率，体サイズおよび形態形成には，栄養強化による有意差は認められなか
ったが，DHA で強化した餌料でメガロパの活力が向上し，第 5 齢以降の各齢期








与える影響について明らかにし，小型雄（甲長 60 mm 以下）は繁殖に不利でる
こと，および大型の個体と比較して繁殖能力が劣ると考えられた。本研究で実





獲された雌雄を，基本的に雄 1：雌 2 の割合で水槽に同居させて飼育管理する
方法が用いられている。他のイセエビ類では，水槽で雌雄を集団飼育した場合，
同性および雌雄間の争いが発生しており，大型の雄が有意に繁殖に成功してい
る 事 例 が 報 告 さ れ て い る (MacDiarmid, 1989; Kittaka & MacDiarmid, 1994; 
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